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SECTION 2

THE G"OMAGNETIC FIELD

L.L. Newkirk, Lockheed Polo Alto Research Laboratory
J.C. Cain, U.S. Geological Survey (Denver)

W.P. Olson, McDonnell Douglas Astronautics Co.

2.1 INTRODUCIION

fThe geomagnetic field is generated by various sources located
within the Earth and the surrounding ionosphere and magnetosphere.The internal sources include the cor_.e field prod~uced by electric cur-

rents flowing near the core slrface (Z, 900-.kilometer depth). This
source dominates all others bellow five Earth radii, exerting the con-

t trolling force for particle trapping. The main field near the Earth

can be represented to an accuracy of about 90 peýrcent by a tilted di-
pole at the Earth's center. The remaining 10 percent consists of a

spectrum of higher order terms of decreasing importance, down to }
sizes of about 4, 000 kilometers. Features having sizes, smaller than ,

this are thought to be mainly caused by direct magnetization of crus-.,'

tal material. Although the very local anomalies, observed even at :!

aircraft altitudes, are sometimes sufficiently intense to double or
reverse the field, their effect has decreased to a small fraction of
the total field by ionospheric heights.

The effects of magnetospheric and ionospheric currents are rela-
t'ively small below a few Earth radii. At low satellite alti~tudes (e. g. ,
500 kilometers), about a fraction of a percent from orbit-to -orbit
can be observed, even during relatively quiet conditions, because o.)f
the variations of these external sources and the response of the con-
ducting Earth to their changes ýsee subsections ý. 5 anti Z. 0).

The core field exhibits a siow "s--cular" variation that is charac ...
terlstically a fraction of a percent change, in intensity per year. 'I'his i!

phenomenon is regional- that is, its scale is not dominated by the di- ;
po'.ar component. 'T'he dipolar componenxt is weakening about 5 pe~r- ,
cent per century. !

In son-e studies involving trapped radiation, and partictilarly be- "

yond 5 REI , the (tilted) dipole ap-proximation of the field is adequate.
in many studies, hewers:':, a rnore ucot,rate representation is re- i

ji ~quired: a spherical harmionic e:xpanis',nof a scalar potential fitto'd ,

| f!j
2-1o

., .. ...

• 'di-

i ... ....... ........ ":.....• ,a•¢••• , .. . . •.. . ... ' -@•.:,• . •, •,:• • ,.r,=•.•.,ip.••,z.:•.* ••;• w!;¢rqd:'} "'I:• N •: • .of" a ••':
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to measured values of the field. Beyond 6 RE, currents produced
by charged particles in the magnetosphere and at the boundary of
the magnetosphere begin to become ccmparable to, and evwntually
dominate, the ambient field configuration.

Numerical models cf the geomagnetic field are thus most accurate
at low satellite altitudes where the main contribution is from the
Earth's core, and become less certain at greater distances because
of the variability of the external effects. Very precise estimates,
even at low altittide, must include these external sources for any but
extremely quiet conditions.

The geomagnetic field, like other large-scale phenomena found
in nature, is never absolutely quiescent or undisturbed. Field
measurements versus time show a variety of disturbances having
time durations listing from a fraction of a second to as long as sev-
eral days. The padterns are irregular in some cases and smooth
in others, and might have a partially periodic or oscillatory struc-
ture. The amplitude variations range from a small fraction of one
nanotesla (I nT ' I y 1 10-5 gauss.) to several hundred nT. Many of
the disturbances are localized events, but others encornpass a sig-
nificant portion of the magnetosphere. ) Some of the disturLances
undoubtedly play a strong role in the particle supply and loss pro-
cesses that determine the intensities of radiation belts.

The numerous types of magnetic disturbances, along with their
causes, are discussed in subsequent portions of this section. Ap-
pendix ZA describes some of the riagnetic indices used in trapped
radiation studies to characterize the relative intensities of magnetic
disturbances.

2.2 MAGNETIC FIELD ELEMENTS

The historical representation of the elements of the geomagnetic
field are shown in Figure 2-1. The total field vector is denoted in
the literature by either B or F (the Russians prefer T ). B is
used here. The elements X , Y , and Z are north, east, and ver-
tically down in a geodetic system. As shown in Figure 2-2, there
are slight rotations from the geocentric components normally given
by Be, BO, and Br. .

2-2
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Y EAT (4
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D DECLINATION Z = VERTICAL COMPONENT
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B =TOTAL INTENSITY Y= AST COMPONENT

I =INCLINATION

Figure 2-1. Geodetic elements of the geomagnetic field.
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Figure 2-2. Exaggerated el lipse ill Iustrating the geocentric coordi nates r, 8
and the geodetic latitude, X , and altitudet, h , of a point P.

(6is the rotational angle between the geocentric and geodetic
vectors (Be, Br) arid (X, Z), respectively.)

The expressions relating these quantities are thus

B 0  -X cos 6 A-Z in 6

B -Y

Br -Z cos 6- Xsin 6

where the maxinmum value of 6 is about 0. 2 degree.

The magnetic declination D is the angle between X and the hori-
Lontal intensity component H-1, and is given by the deviation of a
compass frorni true north, A positive declination results from an
eastward deviation, The inclination1 or d angle I , is the angle
between 11 and B and is given by the dipping of a rnagnetic: needle 1

below the horizontal plai,e. The dip angle has a positive sense when
directed downwai~d.

2-4
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Routine observations cf the absolute field intensity and its tem-
poral variations are made at over 100 permanent magnetic observa-
tories distributed almost entirely on the major continents. Organized
attempts have been made periodically to resurvey the field and to
check secular variation by reoccupying "repeat stations." Since
most surface or aircraft surveys are too slow (and expensive) to take
a crisp "snapshot" at the field before secular change can blur the
picture, plans are underway for a satellite vector survey about 1980.
The last series of satellite surveys were of total field only and cov-
ered the epochs 1964-1971.

To completely specify the field vector at an isolated point requires
the measurement of three independent elements of the field. For
example, B3, D, and 1 are routinely measured aboard the U.S.
Navy's project MAGNET aircraft which has supplied most of the
global survey data for the past two decades. Fixed observatories
usually observe D, H, and Z.

Figures 2-3 and 2-4 show the surface magnetic field elements B
and I for epoch 1965. These charts show isomagnetic lines along
which the respective geomagnetic field elements are constant. Such
charts as these are generally projections or "forecasts" of the field
made on the basis of data taken prior to the published epoch and are
thus not always of definitive accuracy, nor can they be extrapolated
forward in time without error because of the secular variation which
is only partly preuictable. Because of the sparsity of recent daza in
remote or communist-controlled areas, some of the vector data used
in preparing such charts as these were taken several decades ago.

The secular variation in total intensity averaged over the interval
1965-1970 from POGO satellite data is given in Figure 2-5. There
are now indications that the secular variations in 13 over portions
of Asia and the Indian Ocean have already changed significantly from
that represented here.

2.3 THE DIPOLAR FIELD OF THE EARTH

The simplest approximation to the geomagnetic field is the field
that would result from an Earth-centered dipole directed southward
and inclined at 11..5 degrees to the Earth's rotational axis (north and
south poles at 78. 5 degrees north, 291 degrees east, and at 78. 5 de-
grees south, 111 degrees east, respectively). An imlproved approxi-
ilnation is the field that would originate from a dipole displaced 0. 0o85
Earth radius from the Earth's center toward a direction defined by
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geographic latitude 15. 0 degrees north and longitude 150. 9 degrees

east. The intersections of the displaced dipole axis with thle Earth's

surface are at 8 1. 0 degrees north, 84. 7 degrees west, and at 75. 0

degrees south, 120.4 degrees east (Reference 3). B~ecause tile north

I:polie of the magnetic dipole fiteld is located in the southlern geugr1~ii

hemisphere, the sense of thle field direction is fVrorn south toward

north. The field intensity at 1.1,e equator on the surface is about

Bro. 0. 312 gauss (Reference 4).

A simple dipole field has these components (Reference 5) in a
spherical coordinate systemn:

2Mo
B3 = cos e Z0_cose (2-l)

r 3r
r

3

3

rthe dipole corint sin 8h

whereas th ioefield in a cylindrical corint ystem ha tl
following coordinates:

- 3M Rz (-a

(~2+ 2)/

2 2
M(Rý - Zz

13 +(R. + ~z) 1

TIhe magnetic monient (M)I of thle Earth' s field is app~roximalte ly

M,_-8. 07 X 1 OL5 gauss cm 3i 0. 31Z gatuss, (Earth radii)3 1¾ 1he,

magnetic ficlo at thle equator, where R r R, , is denoted by
1).The components of the E'arth's field arc illuistrated c n Figue

2-0 and 2-7 (south is in thle -z direction).

The intensityi of a magnetic field is the vect~or sum of it s compoo-
nents ; in spherical coo rdinates

21 2' co 2 22-3
r e 3
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Figure 2-6. A magnetic dlpo!e field in spherizal coordinates.
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Figure 2-7. A magnetic dipole field in cylindrical coordinates.
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and in cylindrical coordinates

2- 1 2 M . (2-4)

R M +ZZ

The field lines, which have everywhere the direction of the vector
1, are defined by the following equations. In spherical coordinates

r R sin 6 (8-5)

and in cylindrical coordinates

3/2

R 21ý RZ . (2-6)

One-half of a field line is illustrated on Figures 2-6 and 2-7. Sev-

eral representative field lines are shown on Figure 2-8 along with

contours of equal field intensity. Each field line is labeled according
to its equatorial intersection R° LRE. The constant-B curves are

equivalent to:

2
0. 312 1 + 3 sin X

3 6
L cos X

Numerical magnitudes correspond to the Earth's field. When the

constant-B curves are rotated about the polar axis, the result is a

closed, egg-shaped constant-B surface (see Figure 3- 11). RE is
the radius of the Earth, X is latitude, and L corresponds to the

magnetic shell parameter in Reference b.

2.3.1 Distance Along Field Line and Volu,-re

Between Shells of Field Linm-

The distance (S) measured along a field line from the equator is
a useful parameter and is sometinmes used to identify it point on a

field line. As a function of s sin X cos6, the differential dis-
tance element for a dipole field is

dS Re l+ 342 d4 (2Z7)

'I
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Figure 2-8. Constant-B surfaces in a dipole field.
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The integrated distance along a dipole field line froir equater to
SsinX is:

V• 3 + In + I + 3Z-8)

S is plotted on Figure Z-9 (in units RO LRLE) (see Table 3B -1).
The scale at the bottomn of the figure is the equatorial pitch angle
of a particle that mirrors at the corresponding latitude. Up to 50
degrees latitude, S can be determined with lair accuracy by means
of the enipirical formula:

S -ý,0. 0 19 X l,•

where X is enpressed in degrees. At 90 degrees latitude, S I. 380Z P0

The derivative of magnetic field intensity along the field line is

dB 0o 3C(3~ _915
dS R 4

From Equation 2-7, the volume between two cylindrically symme-
tric shells bounded by dipole field lines is fairly simple to obtain.
If the shells are located at an equatorial distance It. REI, and sep-
arated by a small distance 6 R- REb L, the volume included be-
tween the two L sheils is:

V 4r,3 V 1 116 3 8 1.2 "+ 161,(Z 0
E L 35• I 3 -5 +35"1 7 1(-

The total volume contained betweeen the Earth'ts s-arface and a shell

of field lines with an equatorial ýntersection at Rl( is plotted on
Figure ?.- 10 as a function of 1. R /R1,,. In these equations, R1 t: is
the radius of the Earth and L corresponds to the magnetic shell

pltrameter of Mcllwain (Section 3).

2.3.2 Geomagnetic Coordinate Systems

Various coordinate systems based upon the geomagnetic field are
used in place of geographic coordinates to simlplify the study of
trapped radiation and other phenomena in space that are controlled
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or influenced by the field. The m ost elemental geomagnetic coordi-
nate system is one aligned with the centered dipole. I1 is shown on

Figure 2- 11, superimposed on geographic coordinates. The points
where the dipole axis intersects the Earth's surface serve to locate
the geomagnetic (or dipole) north and south poles (78. 5 degrees
north, 291 degrees east and 78. 5 degrees south, II1 degrees east,
respectively). The geomagnetic equator lies in a plane passing
through the center of the Earth and perpendicular to the dipole axis.

Angular positions in this system are expressed as geomagnetic
(or dipole) latitude and geomagnetic _lo_.itude. The prime geonag-
netic meridian contains the geographic south pole and lies approxi-
mately along the geographic meridian 290 degrees east (70 degrees
west) over most of its length. in analogy with the definition of local
geographic time, local geomnagnetic time is defined in terms of the
angular position (in hours) of the Sun relative to the geomagnetic
meridian of the observer. Geomagnetic noon occurs when the Sun
is in the geomagnetic meridian plane of the observer.

An accurate coordinate system of geomagnetic latitude and geo-
magnetic longitude jbasecl on the field-line configuration given by
the international geomagnetic reference field 80-term expansion
(References 7 and 8) fur epoch 1969. 751 has been prepared in Ref-
erence 9. In this system, the latitudes are invariant latitudes (see
Equation 2-15) and the meridian surfaces are defined by families of
field lines intersecting radial lines in a predetermined equatorial
plane, North and south polar plots and world maps of this system
of geomagnetic latitude and longitude are provided in Appendix 2B
for the surface of the Earth and at a 3, 000 -kilometer altitude.

A coordinate system of considerable utility is one in which each
d~ipole field line is labeled by tL~e wag-netic shell parameter i,
Rd/R (Reference 0) and a point on the field line is identified by

the field intensity B3 at the point. Sometimes the geomagnetic lat-
itude, the distance S along the field line, or a set of curves defined

by:

r' [cornstart o ' , (2-. I -so

which are orthogonal to the field lines, are employed instead of B
to specify points on the field line.

The analysis of trapped particles is complicated because the g)o-
magnetic field actually has a high degree of azimuthal asy nun etry'

2-16
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Symmetric coordinate systems based upon the terrestrial dipole are
found to have only limited applicability. Various coordinate systems,
based upon parameters analogous to some of those described previously
for a dipole field, have been propbsed with the intent of restoring some
of the aspects of azimuthal symmetry (Reference 6). Trapped particle
populatiorns thereby can be described in terms of an idealized dipole
field with strict azimuthal symmetry. A discussion of coordinate sys-
tems of this kind, which involves equations of motion, is zontained
in subsection 3.4. 3.

2.4 THE SPHERICAL, HARMONIC EXPANSION
OF THE FIELD

Although the simple dipole approximation is useful in some cases,
a higher order approximation generally is required to describe the
field in most trapped radiation studies.

With the assumption that electric currents are negligible in the
region above the Earth, the magnetic field f is caused only by the
internal sources of the main field, and can be expressed as the nega-
tive gradient of a magnetic potential TPm that satisfies Laplace's
equation:

. (n-iZ)

The general solution for %krm can be expressed as a sum oi sphericai
harmonics (Reference 11):

ni /Ro n ~ n 11
T m R- E P Pn (6)

n= mO

gm cos m +hn oin m 0; r z RE (Z-13)

where r is the radial distance from the Earth's center, RE ;s the
Earth's radius, and 6 and q are geographic colatitude and f.ast
longitude, respectively. The Schmidt functions (Reference 11):

pm (n -n)' 0.. m)
.•i• ~n (0 : (n + m)! n, m 8 Z 1)-
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are multiples of the associated Legendre functions Pn, ni(6) of degree
n and order m; the Kronecker delta (60o m) equals one if m = 0 and
equals zero if m. 0. The gm and hm are constants referred to as
Gaussian coefficients whose values (to some maximumn n') are obtained
from a best fit to measured values of the magnetic field (Equation 2-12).
Once the g and the I• are known, %km is determined and defines
the field for r > RE. Analytic techniques have been developed re-
cently that allow Gaussian coefficients to be derived from measured
values of the total field intensity rather than from measured field
components (Reference I1), thus making possible the utilization of
numerous satellite measurements. These coefficients arz a)so ex-
panded in a linear or higher order series in time to allow for secular
change.

km is sometimes expanded in Gauss-normalized, associated-
!,egendre functions (Reference 11) rather than in Schmict-normalized
functions. Either representation is valid, of course, but qome prac-
tical value exists in using Schmidt functions since the magnitudes ofm m
the corresponding gn and hW then will indicate the relative contri-
bution of the various terms In the series.

The assumption that electric currents are absent in the ionosphere
is, of course, only an approximation since field-aligned currents are
almost always present in polar regions, and the dayside ionosphere
contains the Sq system. These effects contribute up to a few hun-
dr'ed nanotesla under active conditions in polar regions, and up tc
20 to 100 nanotesla at the magnetic equator, depending upon the alti-
tude above the E-layer.

2.A.i1 Field Models

Tables of Gaussian coefficients have been determined by a. num-
ber of investigators. The field models that have been applied to
trapped radiation studies, or might be considered for the present,
are:

I. The Jensen and Whitaker (JW) 569-coefficient model
(Reference 13) epoch 1955.

2. The Jensen and Gain (JC) 48-coefficient model
(Reference 14) epoch 1960.

3. The Goddard Space Flight Center (GSFC (9/65)) 99-
coefficient model (Reference 15) epoch 1965.

A
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4. The Goddard Space Flight Center (GSFC (12/66)) 120-
coefficient model (Reference 16) epoch 1965.

5. '!he International Geomagnetic Reference Field (IGRF)
80-coeffici'nt model (References 17, 18) epoch 1965.

6. The Institute for Geological Sciences (IGS) 168-coefficient
model (Reference 19) epoch 1975.

7. The American World Chart (AWC) 168-coefficient model
(Reference 20) epoch 1975.

Except for JW and IGRF, these various models have been derived
by fitting observed surface and satellite magnetic survey data. The
JW model, used for reducing Explorer 4 data, was a very precise
fit to the 1955 U.S. magnetic charts of the vertical componen.. It
wus later found that these charts were relatively inaccurate. The
JC model, although having fewer terms and no time derivatives,
was a better measure of the field for (and previous to) its 1960 epoch.
It waa thus widely used in interpreting trapped radiation data. The
later GSFC models contain more coefficients and thus are better
representations of the low-altitude field.

The IGRF model (epoch 1965) was derived as a weighted average
of candidate models and is fairly accurate for the interval 19001 to
1968. An IGRF model for 1975 has been recently derived (Reference
21). The coefficients for this model are listed in Table Z-1. One
of the best models for epoch 1975 is the IGS model (Reference 19),
although its use of parabolic terms makes it unlikely that an extrapo-
lation over epochs 1975-1980 is wise. It is not clear whether the
1GS, using, say, its linear secular terms only, or the AWC model
(Reference ?0) is the preferred representation for current epochs.

Both of the latter models have set their epochs at 1975. 0 for the
convenience of users and to imply that an attempt has been made to
represent the current field. However, neither model actually in-
cluded much data later than about 197Z, and, thus, the choice only
can be made by comparison with recent data.

2.4.2 B, L Coordinates

The charts in Appendix ZC show contours of the tutal field inten-
sity at vaiious altitudes, as determined from the Jensen and Cain
field model, Tables of coordinate points defining geomagnetic field
lines are given in Reference 22 for a representative group of field
lines distributed around the Earth.
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u Table 2-1. IGRF 1975 coefficients (Reference 21). (The coefficients
are Schmidt normalized.)

Main Field, nT Secular Chunge, nT/y,

1 0 -30, 186 25.6
1 1 -2,036 5735 10.0 -10.2
2 0 -1,898 -24.9
2 1 2,997 -2124 0.7 -3.0
2 2 1,551 -37 4.3 -18.9
3 0 1,299 -3.8
3 1 -2,144 -361 -'0.4 6.9
3 2 1,296 249 -4.1 2.5
3 3 805 -253 -4.2 -5.0
4 0 951 -0.2
4 1 807 148 -2.0 5.0
4 2 462 -264 -3.9 10.8
4 3 -393 37 -2.1 1.7
4 4 235 -307 -3.1 -1.0
5 0 -204 0.3
5 1 368 39 -0.7 1.2
5 2 275 142 1.1 2.3
5 3 -20 -147 -1.6 -2.0
5 4 -161 -99 -0.5 1.3
5 5 -38 74 1.0 1.1
6 0 46 0.2
6 1 57 -23 0.5 -0.5
6 2 15 102 2.0 -0.1
6 3 -210 88 2.8 -0.2
6 4 -1 -43 0.0 -1.3
6 5 -8 -9 0.9 0.7
6 6 -114 -4 -0.1 1.7
7 0 6•6 0.0
7 1 -57 -68 0.0 -1.4
7 2 -7 -24 010 -0.1
7 3 7 -4 0.6 0.3
7 4 -22 11 0.9 0.3 .

7 5 -9 27 0.3 -0.7
7 6 11 -17 0.3 0.1
7 7 -8 -14 -0.5 0.8
8 0 11 0.2
8 1 13 4 0.3 -0.2
8 2 3 -15 0,0 -0.4
8 3 -12 2 0.2 -0.2
8 4 -4 -19 -0.4 -0.3
8 5 6 1 -0.3 0.4
8 6 -2 18 0.6 -0.3
8 7 9 -6 -0.3 -0.6
8 8 1 -19 -0.1 0.3
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The charts in Appendix ZC also show contours of constant L, where
L is the parameter associated with a magnetic shell (Reference 6)
in the geormagnetic field and is analogous to the L = Ro/RE defined
for 4 dipole field in subsection 2. 3. 2. L is discussed in detail in
Section 3.

A coordinate system employing B and the parameter L is used
extensively to describe the distribution of trapped particles in radi-
ation belts. Because of the azimuthal asymmetry of the geomagnetic
field, the altitude of a constant B,L contour around the Earth will
vary with longitude. Figure Z- l?. shows the variation for several
values of B on the magnetic shell L 1 1.20. B is in gauss. The
curves are based upon the field model in Reference 14. Similar
graphs are also given in Appendix ZD for L = 1. 12, 1.60, 2. 20, and
3. 50. These graphs are useful because trapped particles experience
similar changes in their mirror point altitudes as they drift around
the Earth. (Trapped particle motion is discussed in Section 3.

For the cases shown, the variations in altitude are appreciable;
maximum variations of 1,Z00 to 1,500 kilometers occur in the
southern hemisphere. The minimum aititude for a given value of
B is observed to occur in the southern hemisphere near 315 degrees
east longitude. More precisely, the minimum altitudes occur in the
southern Atlantic near Brazil in a region of low field values (Figure
2-3) known variously as the South American, South Atlantic, or Bra-
zilian anomal . However, this feature of the geomagnetic field is
not really anomalous, but is just the result of the field lines dipping
closer to the Earth in the anomaly region because of the eccentricity
of the geomagnetic field with respect to the Earth'b center.

The South American anomaly is important in trapped radiation
studies because it is a region in which particle losses caused by
atmospheric scattering are enhanced as a consequence of the denser

atmosphere encountered by the particles as they move through their
minimum altitudes. A comprehensive graph of minimrum altitudes
in the anomaly as a function of B and L is presented on Figure 2-13.
Particle measurements in the B, L regions below 1,000 kilometers
should show solar cycle effects because of changes in atmospheric
density and composition.

For easy visualization, fluxes in B, L space are sometimes

transformed to polar coordinate space rX defined by the dipole
relations (Reference 6). Figure ?-14 is a mapping of polar coor-
dinates onto the B, L plane by means of the dipole relations:

2-22
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Figure 2-12. Altitude versus longitude for constant-
B traces on the magnetic shell L 1.20
(Reference 23).
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B 0. 31Z 4 - r L cos
3

r /

In these relations, r is'expressed in units of Earth radii. At low
values of X, determining numerical values from Figure Z-8 might
be preferable. Some caution shoild be exercised in using the Aigure
becaust. of the asymmetry of the geomagnetic field.

The invariant latitude (A) defined by the expression:

cos0 A = I/L (Z-15)

is sometimes used to organize auroral or particle precipitation data
near Earth. It is interpreted as the latitude where the magnetic
shell, whose value is L, intersects the Earth. Table Z-2 gives
values of A versus L for 0. 5-degree intervals in A from 0 to 89. 5
degrees.

2.4.3 Computer Codes for F'and L

Over the past decades, several different computer codes have
been developed for the prediction of both f and L. Those based
upon spherical harmonics were derived from the original formula-
tions of Jensen and Whitaker (for W) and Mcllwain (for L) and bear
such names as GFIELD, FIELD, SPHRC, INVAR, etc. (see sub-
section 11.4). Copies of these can be obtained from either the
National Space Sciences Data Center (Goddard), the NOAA Data 4
Center (Boulder), or the U.S. Geological Survey (Denver). Trade-
offs of speed, core size, and flexibility can be evaluated for the
particular application. 4

A different formulation for the computation of T and L has been
"developed by B. Kluge (Reference 24) at ESRO/Darmstadt. This
formulation, which employs a mapping of the field in h/r space,
has no advantage over the spherical harmonic developments for ]'S.
However, for the calculation of L, a table is provided from which
a much faster L computation can be made than with the Mielwain
integration program. The only drawback, which is not significant
for most applications, is that the tables become fairly large when
computations are done for several epochs. The tables must be
developed by a careful (Chebychev) fit for each new model.
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Table 2-2. T,•bular values of invariant latitude A (degrees) versus L.

A L A L A L A L

.0 1.0O00 /2 2 . 1.r116 45.0 2.0000 6'1.5 .. 284

.5 1.0001 23.0 1.1802 45.5 2.0355 68,0
1.0 1.0003 P3.5 1.18w1 46,c 2.0723 68.5 74447
1.5 ..0001 24.0 1.1982 46.,s2 . 1105 &). 0 7.7865
2.0 1.:)012 24.5 1.,-077 .7.0 2.1500 6&.5 8.1536
2.5 1.0019 29.0 1.21t4 47,.5 2.1910 70.0 8.5486
3.0 1.0027 I 25.5 1.2215 43.0 2.2335 70.5 8.9'145
3.5 1.0037 26.0 1.2379 46.5 2.2776 71.0 9.4.44
4.0 1.0049 26.5 1.2486 49.o 2.3233 71.5 9.9322
4.5 1.0062 27.0 1.25)6 49.5 2.3 j9 7(2.o 1O.41,21
5.0 1.0077 27.5 1.2710 W.0 2.4203 72.5 1.1.0590
5.5 1.0093 28.0 1.2827 50. 5 2.4716 73.0 11.-698 5
6.0 1.0110 2P. 5 1.2948 51.0 2.5250 73.5 12.39-10
6.5 1.0130 2().0 13.307 3 51.5 2. 5&-5 '14.u 13.1621
7.0 1.0151 29.5 1.3201 52-o 2.6383 714.5 14.OO24
7.5 1.0173 30.0 1.3333 52.5 2.6984 75.0 14.9282
8.0 1.0198 30.5 1.3470 53.0 2.761o 75.5 15.9515
8.5 1.0223 31.0 1.3610 53.; a. 8263 76.0 17,0804
9.0 1.0251 31.5 1.3755 54.0 P.8t944 '16.5 18. 3497
9.5 1.0280 32.0 1.3905 54.5 2.9655 77.0 19.761;

10.0 1,0311 32.5 1.4059 55.0 3.o396 77.5 21.3465
10,5 1.0344 33.0 1.4217 55.') 3.1171 18.0 23.1335
1U.0 1.0378 33.5 1.4381 56.0 3.1980 1 8. 5 25. 158
11. 1.5 414 34.0 1.4550 56.5 3.28%6 7Io 2-7.4664
12.0 1.015. 4•2. 5.1.0 3.3712 79.15 30.1116

12.5 1.0491 35.0 1.4903 51.5 3.4639 80.0 33.1634
13.0 1.0533 35.5 1.508 8 8.0 3.5611 80.) 36.7o98
13.5 1.0516 36.0. 1.5219 %8,5 3.662) 81.0 40.8634
14,o 1.0622 I S5.5 1.5475 59.0 3.6r,98t 81.5 45.T716
14.5 1.0669 3-10 1.5618 59.9 3.8-21 82.0 I1.6285
15.0 1.0718 l 37.5 1.5688 60.0 4.00c0 82.5 58. Oh!)

15.5 1.0769 38.0 .1.610)4 60. 5 4.1240 63.0 6'1.3,3o4
16.0 1.0622 38-5 1.632• 61.0o 1.246 t3.5 70-0337
16.5 1.08oT7 3.0 1.6558 6. .. , 3)21 84.0 91.5231
17.0 1.0935 39.5 1.6?95 ().o0 4.53'11 I .9 1u.564

17.5 1.0994 40 .1.704 1 62.') 4. 6902 80 131.64 61
18.0 1.1056 4o.5 1.72W95 63.0 4.851w 5.5 1,2.4164'10
18.5 1.1120 41.0 1.7557 63.5 5.0228 8(6.o .5.8,
19.0 1.1186 I 41.5 1.71'7 64.0 )2031 86.5 268.317,
19.5 1.1254 I 42.0 1.8107 64.5 5.3955 6y.(0 36',. o)6
20.0 1.1325 42.,,, 1.8 37 (.,.o 4.5)89 ("7.5 5. B.120
2o.5 1.1398 43.0 .1. 86)6 6).. 5.8. o 18.1 ,23.03145
21.0 ..14i14 4 1,9005 66.0 6.0447 o8.5 44'4. 45(r
21.5 1.1552 44.0 1.93,.6 66.5 '.?-3 89,.* 32313,1316

22.0 1.1632 44.5 1.9657 67.0 6.55cx) 8.5 13131 . 410,

Si~ci

Q?

2-27

4 31......-.



21 JinJa.y 197'

2,5 DISYANT MAGNETIC FIELD

2.5.1 The Need for a Quantitatve DescripHon
of the Magnetospheric Magnetic Field

The magnetic field at geocentric distances greater than about

four Ear'n radii is distorted by the fields associated with currents

flo)wing in the Earth's magnetosphere. The Earth's main magnetic

field (of internal origin), Tgm, interacts with solar wind particles

to form several other currents which flow through the Earth's mag-

netnsphere. These current systems and their combined associated

magnetic fields, inms , deform the geomagnetic field at great alti-

tudes and don-inate the magnetic field at altitudes of a few Earth

radii. The main contribu~tions to the magnetospheric magnetic field

come from the mag-±etopause currents, the currents w.-hich flow;
across the tail of the magnetosphere, and the rinja current of charged
particles trapped in the inner magnelosphcre,

The mi.gnei)pause currents are produced directly by the interac-

tion ý.f the geomagnetic field with the nolar wind. Solar wind ions

(mostly prctons) and electrons axe deflected in opposite directions

upon encoutering the geomagnetic field, giving rise to the mnagneto-

pause current system. The resal.ting field topology is such that it

is possible for charged particle To enter and flow across the anti,
solar portion of the magnetosphere. This second current system.

is commonly referred to as the tail current, Particles trapped in
the inner magnetosphere form the third cu-irrent systein. The mag-

netopause and tail current systems are influenced greatly by changes

in the interplanetary magnetic field and other interplanetary param-
eters. The tail magnetic field, in particular, changes durtng the
ifetime of a magnetospheric substorm. These substorrms occur
"roically every several hours and the resulting time-varying mag-
netic and eleccric fields serve also to inject particles into the ring
current. The ring current is greatly enhanced during magnetic

storms by the continuous injection of tail particles.

To accurately represent charged particle phenomena, it is neces-
sary to quantitatively describe the magnetic field (Bg + nsin

which these particles are found. Above about 6(1 degrees magnetic
latitude, all magnetic field lines exteid several Earth radii into

space. Therefore, along at least a portion of these field lines their
accurate quantitative description necessitates the inclusion of the

contribution to the total magnetic field from the three inagnetosphe ic
current systems just described. 1ihere have been several quantita-

tive model descriptions of the magnetospheric magnetic field. For
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a detailed comparison of the more rece.nt ones, see the review by
Walker (Reference 25). These models can be tested directly by
comparisons with the observed field (as detected with magnetometers
and barium cloud traces) and indirectly with charged particle data.
Such com.~parisons indicate (Reference 25) that the Olson-Pfitzeir
model currently best represents the observed average magnetospheric
m~agnetic field, ms This model is described in subsection 2. 5. 2.

2.5.2 Descrtption of Olson-Pfitzer Magnetospheric
Magnetic Field Model

N
The Olson-Pfitzer model provides a quantitative description of

the total magneto spheric magnetic field (produced by the magneto-
pause, tail, and quiet-time ring currents). It is to be added to the
main magnetic field with appropriate coordinate transformations.
This model is semi empirical and contains both basic physics and
observational data. It was constructed to quantitatively represent
the quiet-time magnetospheric magnetic field for thie case of perpen-
dicular incidence of the solar win-d onto the geomagnetic field, ].t
currently does not include the effects of the continuously crianging
angle between the geomagnetic dipole axis and the solar wind direc-
tion and, im:ore im-portantly, magnetic storm effects. Actually, two
models have been published. one is the sixth -o rder- - power series
expansion with exponential terms and the second is an abbreviated
version containing only quadratic terms. in both cases, series ex-
pansions are input to a fitting routine which constructs an orthonor-
mal. function set in order to fit the input data.

Components of in the fsixth-order model are represented as

13 3x f 3
BxL, L~ ijk + )ijk exp(-O. 03r )1X y )Z 16-Ia)

i? () j 0k I

By > > >,[ik d:~ exp(-0. 03r X~ x~Y z2 1 (2.- lob)

i 0 j-0 k 0O

4f2. i 2j ýik

1 0 j 0) k 0)
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a =b i + Zj +Zk > 6 (Z-17a)
ijk ijk

c kd 0 i + Zj + Zk > 5 (2-17b)
ijk ijk

e f 0 i + Zj + Zk> 7 . (Z-17c)

The non-zero coefficients given in Tables 2-3, 2-4, and 2-5 are
for the components of the combined ring and tail fields, the magneto-
pause field, and the total ring plus tail plus inagnetopause field, re-
spectively. The point where Wims is to be computed is specified by
x, y, and z (given in Earth radii). The distance

r = x +y 4'Z

The components of infs are given in y. The positive x axis points
toward the Sun, the z axis is north, antiparallel to the dipole axis,
and the v axis lies in the dusk-meridian plane. Field lines from
this expanrion and a dipole representation of Bgm are shown in the

noon-midnight meridian on Figure 2-15.

In studies of the inner magnetosphere, where great accuracy in
mms is not required, an abbreviated version can be used. A series

containing only linear and quadratic terms (including exponential
terms) was developed for this purpose. The same fitting routine
was used to orthonormalize the input series. The components of

were found to be

B 0.9535z - 0.00507xz

x

+ (Z. 1143z - 5. Z46xz) exp(-0. 0 6 r ) (Z-18a)

B -[0. 01382 + 6.7682 exp(-0. 06r )]yz (2-18b)
y2

B 8. 196 + 1. 363x - 0. 01524z + 0. 0088y + 0. 0609x 9
Z

+ (-8. 803 + 3. 178x - 1.7927z - 6. 0491y

2 2
- 6. 8595x ) exp(-0. Our) (Z-18c)
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Figure 2-15. Magnetic field lines in 2-degree intervals from 70 degrees latitude
to pole in noon-midnight meridian plane.

The components of Bims are analytic and differentiable, as they
are in the sixth-order expansion. The inclusion of the exponential
terms makes it possible to model the near-Earth field depressions,
AB, produced by the quiet-time ring current. These simple expres-
sions yield AB contours that exhibit the basic features found in the
observational data.

The z component of the magnetospheric magnetic field (minus the
main field of the Earth) is shown along the Earth-Sun line on Figure
2-16. (By symmetry, the field is in the z direction along this line.)
The observed field exhibits considerable structure within a geocentric
distance of 5 RE because of the disturbed magnetospheric currents.
The difference between the present sixth-order models and the older
models that included only the boundary (magnetopause) currents is as
large as 65 y, and near 6 RE it is about 40 y (approximately 35 percent
of the total field). Similar large differences in the total field are found
throughout the inner magnetosphere. It 03, therefore, expected that
there would be appreciable differences between this model and previous
ones when they are used to calculate magnetospheric particle and field 0

properties.

2.5.3 Comparisons of Olson-Pfitzer Models
with Observed Particle and Field Behavior

Optical tracking data from the NASA-MPE barium cloud exptri-
ment have shown that field lines in the inner magnetosphere are more
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elongated than the lines calculated from models consisting of nmain
field and earlier external field representations. Olson-Pfitzer
models fit the observations quite accurately (Figure 2- 17) because I
they include the depressed inner magnetosphere field featur'e. pro-
duced by the quiet-time ring current. Field lines calculated from
other models that do not include this feature are inclined by as much
as 15 degrees to the field line along the bariuM cloud.

The Earth intercepts of field lines from geosynchronous orbit
(6. 6 RE) have been determined for various local times (Figure 2-18).
Both second-order and sixth-order expansions place the latitude of
the foot of the line at about 65 to 66 degrees, depending upon the
time of day, which is about 4 degrees lover than that predicted by
the "boundary only models." This difference too is believed to re-
sult from the quiet-time ring curr.nts that produce the depressed
field region near the Earth. Both the second-order an4 sixth-order
models indicate that the field lines to geosynchronous orbit are more
extended than dipolar field lines.

The sixth-order model has been used to compute low- and high-
energy charged particle behavior in the magnetosphere. The high-
latitude Earth intercept of the trapping boundary calculaled from the
model agrees well with the observed boundary, which is 4 to 5 de-
grees lower than that calculated from prievious mndels. The boun-
dary was found by using the first. and second-adiabatic invariants
to calculate the last closed drift shell on which a particle with a given

pitch angle can exist.

The high-latitude cutoffs for cosmic-ray pr rticles calculated from
"previous models have beer. in error with observation by 5 to 7 de-
grees. With the present models, the calculated cutoffs are essen-
tially in agreement with the obsorved values (Reference 33). The
cutoffs have been determined for 5, 20, and 70 MeV by utilizing the

distributed current model. Ag;tin, it. is the depressed field region
for 3- to 6 -1E geocentric distance produced by the distributed cur-
rents that causes the field lines at a given latitude on thn Earth's
surface to cross the equator at larger geocentric distances than ' '

those calculated from previous models. In turnW it ,11 4 this1ieW .1
geometry that allows charged particles to penetrate to lowZ,'N lati-

tudes than is possible with models that do not include'the effects of
distributed cur rents that flow through the inner ma gnetospheSQe.

Pt€

A''
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90 .. ..
i DISTRIBUTED CURRENT MODEL

- i 0' TILT (REFERENCES 30 AND 31)
80U MF730 (REFERENCE 32)
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Figure 2-17. Comparison of theoretical and experimental spatial coordinates
along field lines.
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2.6 GEOMAGNETIC TRANSIENT VARIATIONS

2.6.1 Solar Quiet and Lunar Daily Variations

The continuous traces of the three magnetic elements recorded
at any station consistently show a daily time variation that is corre-
lated wilh local time. The maximum variation occurs near local
noon and is on the order uf 0. 1 percent of the total field. On some
days, the variations are smooth and regular; on other days, the
changes are irregular because of magnetic disturbances superim-
posed on the smooth variation. The days in which irregular varia-
tions are recorded are said to be magnetically active or disturbed
days; those with smooth traces are called magnetically quiet days.

The average variation patterns, derived for the field components
from suitably chosen quiet-day records at a station, collectively de-
fine a variation field denoted by Sq, the solar quiet daily variation.
For each component, the variaticn is reckoned using the daily mean
value of the component at the station as a base line. The global dis-
tribution of Sq varies systematically with latitude. In the magnetic
equztorial zone, the maximum variation in the horizontal inteksity
H near local noon is characteristically about 100 gammas, and at
higher latitudes it is -25 to -50 gammas.

Sq is also dependent on the season of the year and the phase of
the solar cycle. At the June solstice, Sq is enhanced in the northern
hemisphere and diminished in the southern hemisphere. At the De-
ceinber solstice, the situation is reversed. At sunspot maximum,
Sq increases.

The daily vaziation of the field also includes a component having
a period of 0. 5 lunar day (; 12. 42 hours) and a pattern that varies
systematically with the phase of the Moon. This variation is less
than 0. 1 tbht of Sq . The average of this component of the magnetic
vari.tion over many lunar days at a station is called the lunar daily
variation,, L, (not to be confused with the L shell parameter). L
is somewhat enhanced during sunlight hours and displays seasonal
cbanges indicating that the Sun, as well as the Moon, plays a con-
trolling role.

Spherical harmonic analysis of Sq or L data from a world net-
work of stations is used to determine the equivalent electric current
syetems responsible fcr the observed magnetic variations. About
two-thirds of the variations in Sq or in L is found to be due to cur-

,v •'ent sources external to the Earth and the remaining one-third to

2-39 .il
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internal currents induced within the Earth's surface layers by vari-
able external currenta. The external currents responsible for Sq

and L are found to flow at approximately the same altitude (-100(
kilometers). The ratio of average external Sq and L current in-
tensities is about 30 to 1.

The Sq and L electric current systems are produced by convec-
tive movement of the conducting upper atmosphere across the Earth's
magnetic field lines. The motion of the upper atmosphere occurs as
a result of pressure and temperature differentials in the atmosphere
brought about by solar heating and tidal foices. By analogy with an
electric dynamo, this mechanism is referred to as the atmospheric
dynamo (Reference 34), I.

For a detailed discussion of solar quiet and lunar daily variations,
including plots of Sq arid L and their associated current sysltems,
see Reference 35.

From rocket measurements, X-rays are known to be emitted by
solar flares. On arrival at Earth, these X-rays cause an increase
in ionization in the sunlit hemisphere, particularly at lower levels.
The overhead current system is enhanced, often producing an ob-
servable magnetic field variation called a solar flare effect (sfe) or
a crochet (Reference 36). The variation lasts 10 to 60 minutes and
is manifested as an augmentation of Sq . Ionospheric currents due
to solar flares occur lower in the ionosphere than Sq currents and,,.
sometimes seem to flow in the night hemisphere but with reduced
intensity.

2.6.2 Geomagnetic Storms

A severe and long-lasting magnetic disturbance that occurs world-,
wide is called a magnetic storm (References 36 and 37) and often is
accompanied by auroral displays and polar ionospheric disturbances.
The rate of occurrence of magnetic storms varies with the solar sun-
spot cycle.

Magnetograrns obtained at low- and middle-latitude stations indi-
cate that many storms undergo a similar pattern of development as
the storms progress. The start of a typical storm is characterized
by an abrupt increase in It and is known as the sudden commence-
ment (S.C.) of the storm. The increase is typically Z0 to 30 gammas
with a rise time of 2 to 6 minutes; it is largest at stations near the .,
magnetic equator. The 2- to 8-hour interval during which the value

2-40

"'N



21 January 1977

of H remains above its undisturbed value is known as the initial
1±.Eoe of the storm.

The main phase. of the storm follows and lasts 12 to 24 hours
caring which 11 decreases to values that are typically 50 to 100
garrmas below the prestormi value. The linal stage of the storm,
known as the recovery ph-ase., commences and H gradually recov-
ers to its normal level in I to 3 days, although recovery time as
long as 20 to 30 days is not lincomm-on. Individual stormi records
sho-w irregularities. The initial and main phases tend to be noisy.
often dluring the main phase, large amplitude fluctuations occur
with periods of about 0. 5 hour. Some stormis do not conform to-
this classic pattern and have features that are mnissing 01r not easily
identified.

The simultaneous storm-i records obtained at auroral zone and
polar cap stations are markedly different from this regular storm
pattern and are characterized by extremrely large and sometimes
very rapid changes. Careful analysis is required to detect the
regular storm variations in the hlgh-ladituae records.

The analyais of storms has shown that the typical stormi varia-
tion over the Earth cat, be desicribed conveniently by two components:
(1) Dot (or IJSTI, which is Byzi-nnwric about the geomiagnetic axis-,

and (2) DS (or Dso), which ia a funtction of longitude relative to the
Sun (Reference 36). Both c,.rponants arme o.'so dependent on' nag-
netic latitudti and storm timne (timne n-uaisurýc1 frorn tho utart of the
s to r rn).

Changes in the dynamic pressure of t he eob. r wind tblowl ng against
the geomnagnetic field axe believed to be a catuse of ml Zonilt st,)rms
(Refereince 38). The solar wind suddenly inc reastni5 curkip.reussng
the magnetic field (S. C. ) and maintaine the cornprcs5.~on forz a time
(initial phase). Arn outward distention then occurs (nwia) plhaao) and
is followed lby a relaxation of the field to its l)1esto rm value ( rtcov.
ery phase). Somne uncertainty exists whether the main phase is ptro-
duced b--t an outward distention of the field becaus- of hol, plautma
generated by attendant proccei ses or whet her, irtst.t.ad, the main
phase, is produced by a westward ring current (circling the Iltarý.h at
several Earth radii) consisting of electrons and p)(si tive io.nsj that
are trapped or injected in the magnetosphere (Reference 3()),

R ecent experiments suggest that an inc re~ase in solar wind pres sure !i
may riotA be a necessary condition for thle gene ration of all magnietic
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storms (References 39 and 40). Instead, the so.uthward component
of the interplanetary field appears to play the major role, an en-
hancement in this component being strongly correlated with the
initiation of some magnetic storms.

'I

2.6.3 Sudden Impulses and Bays

An impulsive change (generally an increase of several gammas
in the magnetic field followed by a gradual return to the normal field
value and without subsequent large field changes is called a sudden
impulse (S.I. or si) (Reference 36). The changes occur simultane-
ously at stations all over the world and are similar in characteristics
to S.O.s, but have smaller amplitudes and less abrupt changes in
field intensity.

Another type of simple magnetic disturbance is characterized by

a gradual increase or decrease in the field followed by a return, per-
haps with small oscillations, to the undisturbed field value. These
disturbances last I to 2 hours and generally are preceded and fol-
lowed by undisturbed conditions. The horizontal component of the
field is affected most strongly and departs from undisturbed field
values by 5 to Z0 gammas at midlatitude stations an(' is perhaps a
factor of 10 greater at higher latitudes. These disturbances are
known as magnetic bays because the resulting curves of field inten-
sity (principally H) recorded at a station resemble a bay as it ap-
pears drawn on a map (Reference 41). Magnetic bays are most
pronounced at high latitudes and occur principally at night near local
midnight. Positive bays occur several times more frequently than
to negative bays. The generation of magnetic bays and sudden im-
pulses is related to changes in the solar wind pressure and to changes
in the southward component of the interplanetary field (References
39 and 40).

2.7 GEOMAGNETIC PULSATIONS

2.7. 1 Micropulsations

Micropulsations are geomagnetic field fluctuations that occur in
the ultra-low frequency (ULF) region below about 3 Hertz (Reference
4Z). They have periods ranging from about 0. 2 second to 10 minutes
and amplitudes varying from a fraction of one gamma to several tens
of gammas. Figure 2- 19 is an approximate representati..n of lhe
power spectrum of magnetic fluctuations at the Earth's surface (Ref-
erences 42, 43, and 44). The figure is a composite of data recorded
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in various frequency ranges (References 43 and 45 through 49). Al-
though the general trend of the data presented on the figure may bei-
accepted as a fair representation of acfual average conditions, sub-
stantial uncertainties etill exist in the interrelationship between var-
ious types of disturbances. The ranges of proton and electron gyro-
frequencies, Vi and V.e, respectively, are indicated. The range of
periods T and characteristic amplitudes 61-I are indicated for several
classes of fluctuations. The m-cropulsation spectrum is bordered
at low frequencies by storm time and Sq phenomena and at high fre-
quencies by extra-low frequency (ELF) phenomena.

Certain types of micropulsations have been classified according
to the assignments shown on Figure Z- 19. Micropulsations are di-
vided into two general types: continuous pc, and irregular pi. A
pc micropulsation displays amplitude variations that are quasi.
sinusoidal. A pi micropulsatioai has irregularities in both frequency
and amplitude. The pc-i pulsations have amplitude traces that re-
semble beads on a string and are sometimes referred to as pearls
(also hydromagnetic, hm, emissions, and pp). In older literature,
pc 5s were known as giant pulsations (Pg) because of large amplitudes.

2.7.2 ELF Puls•titons

, .Pulsation frequencies ranging from about 3 to 3,000 Hertz make
up the I•YF region. The principal pulsations occurring in this fre-
quency range are ELF sferics slow-tails, Earth-ionosphere cav3ty
resonances, and ZLF emissions (Reference 4Z).

Sferics (an abbreviation for atmospherics) are electromagnetic
signais fro:n atmospheric electrical discharges that propagate in
the wave guide formed by the ground and the lower edge of the iono-
spheric E-region (Reference 50). The waveform of a sferic recorded
at a large distance from the source consists of a main high-frequency
(mostly VLF) oscillatory head, frequently followed by a lower fre-
quency (ELF) tail-like oscillation that is sometimes referred to as
a slow-ta.1 (Reference 51). Slow-tails commonly last about 20 milli-
seconds and have frequency components mainly in the range 30 to
several hundred llertz.

Cavit resonance signals are disturbances that are resonantly ex-
cited by lightning transients in the concentric spherical cavity formed
by the Earth's surface and the lower region of the ionosphere (Refer-
ence 52). The power spectra of the signals often show mnvnitna near
7.8, 14. 1, 20.3, .,. 4, aind 32.5 Hertfz.
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Occasionally, whistlers and other phenornena that normally occur
at higher frequencies in the VLF (very low frequency) range some-
times produce lower frequency components in the ELF region. Also,
proton whistlers (Reference 53) and emaissions (Reference 54), attrib-
uted to radiation at the gyrofrequency of auroral protons, have been
observed in the ELF range.

2.7.3 Whistlers and VI.F Emissions

Whistlers are field pulsations observed in the frequency range
from 300 to 30, 000 Ilertz (Reference 55). They are produced by
the electromagnetic disturbance from lightning. A part of the energy
from the disturbance penetrates the ionosphere and. propagates along
geomagnetic field lines to the opposite hbn-isphere. The higher fre-
quency components of the disturbance signal arrive first as a result
of wave dispersion by the ionosphere. Much of the power is in the
audio range (50 to 20, 000 Hertz). After ccnversion to audible sound,

the signal is perceived as a variable pitch ''whistle'' lasting a frac.
tion o.f a second to 2 or 3 seconds. Whistler echoes often are pro-
duced when the signal is reflected several times fromn the end points
of its path. Whistlers are more apt to occur at nighttin-.e, probably
because of reduced absorption in the ionosphere. The peak in whis-
tier activity occurs near 50-degree geomagnetic latitude, few whis-
tlers are heard near the geomagnetic equator or poles. Nuclear
detonations also produce whistlers with characteristics essentially
the same as those of natural whistlers.

VLF emissions are other phenomena having frequencies in the
whistler range (Reference 55) and are believed to originate from the(l
excitation of whistler mode waves by charged particles streaming
along field lines. The most common VI,F emission is known as
chorus (or dawn chorus) and consists of a series of oscillations pro-
ducing sounds that re. enble birds chirping at dawn. Another kind
of emi,.,aion is a noise known as hiss, produced by continuous broad-
band emnission in the I. to 20, 000- lertz range. Periodic VI1.1" cmis-
sions are a t.ype consisting of short bursts repeated at rejgular inter-
vals, tylpically of several seconds. 'I hey are believed to be caused
by a whistler and its echoes triggering other cmissions in the iono -

sphere, perhaps through the agency of streaming instabilities (Sec-
tion 5). A -oriiplete discussion of these and other types c:f VI,"
emi ssions is conrained in Reference 55,
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APPENDIX 2A

GEOMAGNETIC INDICES

The K-index is designed to measure the degree of magnetic disturb-
ance produced at a station by the solar wind, geomagnetic field
interaction. It is intended to serve as an indicator of solar wind
activity and is determined at a station for every 3-hour interval dur-
ing the day, commencing at 0000 Universal Time.

K is based on the amplitude range R of the most disturbed magnetic
component observed within a 3-hour interval at the station after Sq
and L variations, solar flare effects, and long-term recovery effects
have been eliminated from the observations. The ranges of R (in
gammas) that define K on a quasi-logarithmic scale for the standard
(midlatitude) magnetic observatory are shown in Table ZA-1.

Table 2A-1. Ranges of R (in gammas) that define K on a
quasi-logarithmic scale.

K R v) K R(Y)

0 * 0-5 5 70 - 120

1 5-10 6 120-200

2 10- 20 7 200-330

3 20 - 40 8 330 - 500
4 40- 70 9 N500

To take the latitude dependence of magnetic variationis into account,
different R scales are adopted at other stations to yield freque.ncy

distributions in K that agree with the distribution at the standard
observatory. Thus, a K of 9 represent,; 300 garnnmas ()r more at low
latitudes and 2, 500 gammas or more at auroral zone stations.

The Kp (planetary) 3-hour index is ujesigned to mneasure the worl d-
wide, or planetary, geomagnetic activity and is based on K-values from
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12 stations located at magnetic latitudes varying from 48 to 63 degrees./

These K-indices are processed to eliminate local effects and then
translated into standardized indices Ks on a finer scale of 28 grades
from Oo, 0+, 1-, 10, 14, 2-, Zo, 2+, 3-, . to 74., 8-, 8o, 81, 9-,
9o. Kp is the average of the 12 Ks values and also is expressed on
the same scale as Ks. A Kp value of Qo indicates an exceptionally
quiet period and the value 90 denotes the most severe storm conditions.

A measure of magnetic activity that is approximately linear is
sometimes preferred for certain investigations. The 3-hour equiv-
alent planetary amplitude, called ap, was constructed for this pur-
pose by converting Kp to the scale shown in Table ZA-4.

Table 2A-2. Equivalent amplitude ap versus Kp.

Kp ap Kp op

00o 0 5- 39

0+ 2 5o 48

S1- 3 5-t 56

1o 4 6- 67

1+ 5 6o 80

2- 6 64 94

2o 7 7- 111

2+ 9 7o 132

3- 12 7+ 154

30 15 8- 179

34 18 8o 207

4- 22 8 1 236

4o 27 9- 300

4-1 32 90 400

The numerical valwt, of ap is said to be in units of gaanmas (e g.
for 1Kp - 4i, ap b 4 4anumma:s) becau se at the standard observatory
the ave ragt ranng in gant nas of t. most (iisturbeld field elenCIt forI-
a givenl Kp is twice ap. When the eight ap valu•s for one day are p
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averaged, a new index Ap is obtained known as the daily equivalent
planetary amplitude.

Similar scales also have been derived for individual stations and
are termed ak and Ak. The index ak, known as the equivalent 3-hour
range, is a reconversion of K into a linear scale, and the index Ak,
called the equivalent dally amplitude at a station, is the average of
the eight ak values for a day. A detailed discusson of tragnetic
indices is given in Reference 56.

r
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APPENDIX 
2B

MAPS OF THE GEOMAGNETIC
LATITUDE AND LONGITUDE

This appendix contains north polar, south polar, and world maps
of geomagnetic latitude and geomagnetic longitude at the Earth's sur-
face and at 3, 000-kilometers altitude (Reference 9). The plots are
based on the IGRF field model (References 7 and 8) for epoch 1969. 75.
4 and 95 are geographic latitude and longitude, arid A and P are
geomagnetic latitude and longitude.

30
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Figure 28-4. North polar plot of geomagnetic coordinates at 3,000-kilomter altitude.
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APPENDIX 2C

CONTOURS B, L FOR VARYI NG ALTITUDES

This appendix contains contours of constant-B in gauss and con-
tours of constant-L in Earth radi, at 100-, 400-, 800-, 3,600-, and
2, 000-kilometer altitudes (References )4 and 57).

1A
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.APPENDIX 2D

CONSTANT-B VERSUS ALTITUDE, LONGITUDE,
AND MAGNETIC SHELL NUMBER

This appendix contains plots of altitudes of constant- B in gauss
ve rsus longitude on the mnagnetic: shells 1, 1. 12Z, 1. 20, 1. 60, 2. 20,
and 3. 50 (References 14 and 2 3).

2-65



21 Janudry 1977

'44

90t. OWOM2

LONGITUJDE EAST
(SOUTHERN HEMISPHERE)

12

Figur 2D-1

2-66



21 Jar;uary 1977

III .. .Si I L,,1.2O0 •

14

150'

7•

LONGITUDE EAST

(SOUTHERN HEMISPHERE)

-- . ,L- 1.2010
I I

LONGITUDE EAST
(NORTHERN HFMISPHFRE)

Figur- 2D-2. Altitudes of constant-B for L 1.20.

2 --67

S. . .. ... , ,.. .. .... , • •,j,• ,...... ........ ••,•L• • • ' g. U



21 January 1977

2000 I

1600 I
1500 L.6

1400 .I

130.

-j vw

7!00 -

LONGUI JF (As1
(NORTHERN HIEMISPHERE)

Figur 2D3 1ttd f o6mtRfrL .0

Q0 -6.8 ..



21 January 1977

18000

1700 
U

r600

LOGTD EAST

110'
K00 23b

LOG0UD EAST
800 446

(NRHENHMIPER):
Fgue D-4 Atrudo o cnstntB or47220

40~

3002 %9



21 January 1977

190 L- 3.50

II

LOGTD 11~

2-704



21 January 1977

REFERENCES

1 J. C. Cain, W. E. Daniels, S. 3. Hendricks, and D.C. Jenbcn.
"An Evaluation of the Main Geomagnetic Field, 1940- 1962,"
J. Geophys. Res., 70, 3647-3674, 1965.

2. J. C. Gain. "Structure and Secular Change of the Geomagnetic
Field," Rev. Geophys. Space Phys. , 13, No. 3, 203-Z06, 1975.

3. W. D. Parkinson and J. Cleary. "The Eccentric Oeomagnetic
Dipole," J. Geophys. Res., 1, 346, 1958.

4. 11.T. Finch and B. R. Leaton. "T he Main Magnetic Field-
Epoch 1955," Geophys. Supp. RAS, 7, 314, 1957.

5. M. Abraham and R. Becker, The Classical Tlheory of Electric-
ity and Magnetism, Hafner, New York, translation, 283 pp.

6. C. E. Mcllwain. "Coordinates for Mapping the Distribution of
Magnetically Trapped Particles," J. Geophys. Res. , 66, 3681-
3691, 1961.

7. J.C. Cain and S.J. Gain. "Derivation of the international Geo-
magnetic Reference Field," International Geomagnetic Reference
Field 10/68, NASA Preprint, X-612-68-501, December 19(68.

8. IAGA Comm-ission 2, Working Group 4, Analysis of the Geomag-
netic Field, "International Geomagnetic Reference Field 1965. 0,
3J. Qhophys. Res., 74, 4407-4408, 1369.

9. J.E. Evans. L., L. Newkirk, and 11.M. McGorrnac. North Poar,
c Suth Polar, World Maps and Tables of invariant Magnetic Coo,-

dinates for Six Altitudes: 0, 100, 300, 600, 1000, and 3000 km 2n
DASA 2347, Lockheed Palo Alto Research Laboratory, l'alo Alto,
California, October 1969.

10. H1andbook o0 Geophysics, Revised Edition, United States Air I,'orce,
The Macmillan Co. , Now York, 1960.

11. S. Chapman and J. Bartels. Geoxnagnetism, 11, (09-') , Ox-
ford University Pf'rss, London, 1940.

2I

2-71 ,

,.l

S................. •"• aa•N~cai•"'•r ' . . .'•MIR,•. a, ;,,ia,,,•,,, •, .•u •.•a.,•u • .• u• • l,• ' •h~•- a• ='l '':- ".i••0. J•i



21 Januury 1977

12. A.J. Zmnuda, "A Method for Analyzing Values of the Scalar

Magnetic Intensity." J. Geophys. Res. , 63, 477-490, 1958.

13. D.C. Jensen ar.d W.A. Whitake:. "A Spherical 1-larmonic

Analysis of the Geornagnetic Field," J. Geophys. Res., 65,

2500, 1960.

14. D.C. Jensen and J.C. Cain. "An Interim Magnetic Field,"

J. Geophs. Res. , 67, 3568-3569, 1962.

15. S. J. Hendricks and J. C. Cain. "Magnetic Field Data for

Trapped Particle Evaluations," J. Geophys. Res. , 71, 346-

347, 1966.

16. J.C. Cain, S.J. Hendricks, R.A. Langel, and W.V. IHudsoi..

"A Propobed Model for the International Geomagnetic Reference

Field, 1965," Prepent Goddard Spaceflight Center, Greenbelt,

Maryland, 1967T

17. "World Magnetic Survey 1957-1968," lAGA Bull. No. ?.8,

A. Zmuda ed., Paris, 197.1.

18. J. C. Cain and S.J. Cain. Derivation of the International Geo-

rragnetic Reference Field (IGRF (10/68)), NASA Tech. Note

D-b2.3, 1971.

19. D. R. Barraclough, J. M. Harwood, B. R. Leaton, and S. R. C.

Malin. "A Model of the Geomagnetic Field at Epoch 1975,

G.Le2ph. J.R. Astr. Soc, 43, 645-659, 1 975.

Z0. N. W. Pedclie and E. B. Fabiano. "A Model of the Geo'magnetic
F'.ield for 1975," J. AGeo.hys. Res., 51, 2539- 2542, 1976.

21. "International Geomagnetic Reference Field 1975," IAGA,

EOS Trans. Am. Geophys. U., 57, No. 3, 12(0-121, 1976

22. E. 11. Vestine and W. L. Sibley. GeomagneLtic Field lines in

S , Rand Corp. Rept. R-368, Santa Monica, California,

December 1960, 110 pp.

23. B. Venkatesan. "Isocontours of Magnetic bhell P1orametel s B"

and L''" J. Geophys. Res. , 70, 3771-3780, 1965.

24. G. Kluge and N. E. Ienhart. "Numerical Fits for the ceomag -

netic Shell Paranieter," ''_Computer Phy 3. Comm. , 3, (,-- 1,

25. R . J. Va lker. "An E.valuation of Re'cnt Qtuantitative M ag neto-
sph-ric Magnetic F'ield Models, Rev. ,2 Sace Ies.

14, 411--U7, 1971'.

2-72

.... . . .......



21 January 1977

Z6. G. D. Mead. "Deformation of the Geomagnetic Field by the
Solar Wind," J. Geophys. Res. , 69, 1181-1195, 1964.

27. W. P. Olson. A Scalar Potential Repreentation of the Tilted
Magnetopause and Neutral Sheet Magnetic Fields, Paper W\)-
1332, McDonnell Douglas Astronautics Company, Huntington
Beach, California, 1970.

28. M. Sugiura, B.G. Ledley, T. L. Skillman, and J. P. lleppner.
"Magnetospheric F]eld Distortions Observed by OGO 3 and 5,"
J. Ceoph's..Res,, 76, 7552-7565, 1971.

29. k. W. Behannun. "Geometry of the Geomagnetic Tail," J.
Geophys. Res. , 75, 743-753, 1970.

30. W. P-. Olson. 'The Shape of the Tilted Magnetopause, "I_ .
Geophys. Res. , 74, Ii64Z-5651, 1969.

31, D. J. Williams aid G. D. Mead. "Night Side Magnetosphere
Configuration as Obtained from Trapped Electrons at 1100
Eilometers," J. Geophys. Res. , 70, 3017-3029, 1965.

3?- G. D. Mead and D.H. Fairfield. "A Quantitative Magnetospheric
Model Derived from Spacecraft Magnetometer Data," 3. Geophys.
Res. , 80, 523-534, 1975.

33. A. J. Masley, W. P. Olson, and N.A. Pfitzer. "Charged Par-
ticle Access Calculations," Proc. Int. Conf. Cosmnic Rays 13th,
2, 1973.

34. II. Maeda. "Variations in Geomagnetic Field, "_ Space Science
Rev. , 8, 555-590, 1968.

35. S. Matsushita. ''Solar Quiet and Lunar D)aily Variation Fields,

Physics of Geoma inetic Phenomena, 1, 301-424, S. Matsushita
and W. 11. Campbell, eds. , Academic Press, New York, 1967.

36. S. Matsushita. ''Geomagnetic Disturbances and Storlmlts, '

.lhysics of (eomagnrtic Hi enomena, .11, 7')3-819, S. Matsushita
and W.l1. Campbell, eds. , Academic Press, New York, 1'967.

37. S. Chapnman and 3. BIartels. "'The Morphology of Magnetic Dis-
turbanc es," ' Oeomagnetisvi, 1, 27Z-338, Oxford kiniversity
P'ress, l,ondon, 19'340.

38. lo. N. Parker. "Disturbance of the Geomagnetic Field by the
Solar Wind, " I'ly sic.s of (ie'ornavnetic l'heaoriiena, 11, 1 15.3- 142,S. Matsushita and WV.11. Camphell, eds., Academic Press, New

York, 1l),,7.

2-73

,..........



21 January 1977

39. C. Rostoker and C. -G. F•Itharnmar. "Relationship Between
Changes in the Interplanetary Magnetic Field at the Earth's
Surface," J. Geophys. Res. , 72, 5853-5863, 1967.

40. D.H. Fairfield and L.J. Cahill, Jr. "Transition Region Mag-
netic Field and Polar Magnetic Disturbances," 3. Geophy-s.
Res., 71, 155-169, 1966.

41. S. Chapman and J. Eartels. "Bays, Pulustions, and Minor
Disturbances," Geornagrxetisrn, I, 338-355, Oxford University
Press, London, 1940.

42. W. H. Campbell. "Geomagnetic Pulsations," Physics of Geo-
magnetic Phenomena. 11. 821-909, S. Matsushita and W.H.
Campbel], ecLa., Academic Press, New York, 1967.

43. C. W. Horton and A. A.-. Hoffman. "Magnetotelluric Fields in
the Frequency Range .03 to 7 Cycles per Kilosecond, 1. Jower
Spectra," J. Res. NatI. Bur. Stand. USA, 66D, 487-494, 19626.

44. W.H. Campbell. "Rapid Geomagnetic Field Varip.aicns Observed
at Conjugate Location.s," Radio Sci. , 3, 726-739, 1968.

45, W.H. Campbell. "Studies of Magnetic Field hMicropulsations
With Periods of 5 to 30 Seconds," J. Geophys. Res. . 64, 1819-
1826, 1959.

46. J.B. Wilcox and E. Maple. Navord Report 4004, U.S. Naval
Ordnance Lab., White Oak, Maryland, 1957.

47. L. R. Tepley and R.C. Wentworth. Structure and Attenuation of
"Hydrordagnetic Emissions, 11, 73, Lockheed Physical Sciences
Laboratory, Report No. I, AFCRL-bZ-32(U), Palo Alto, Cali-
fornia, 196Z.

48. M. Balser and C.A. Wagnt-.r, "Observations o'% Earth-lonosphere
Ca,)ity Resonances," Nature, 188, 6.:8-6,13, 1960,

49. A. D. Watt and E. L. Ma.iwell. 'Characteristics of Atmosphere
Noise from 1. to 100 kc,"' Prec-. 1.R. W. , 45, 78,-7.'4, 1957.

50. A. Kimpara. "LghtniAg Flashes and Atmoipherics," _rogress
in Radio Science, 1'%/, 5-12, F. HIorner, ed. , Elsevier Publish-
ing Co. , New York, I1)u5.

51. A. L. Hales. "A Po,'iblc hMode of Propai~ation of the '3low' or
'Tail' Component in Atmospi'erics," '' c. Roy. Soc. Iondon,
A, 193, 60-71, 1948,

2-74

t ,;.

L,.,I.~



21 January 1977

54. T. Madden and W. Thompson. "Low-Frequency Electromagnetic
Oscillations of the Earth-lonosphere Cavity," Rev. Geophys., 3,
Z11-Z54, 1965.

53. D.A. Gurnett, S.D. Shawhan, NM. Brice, and R.L. Smith.
"Ion Cyclotron Whistlers," J. Geophys. Res. , 70, 1665- 1688,
1.965.

54. A. Egeland, G. Gustaffson, S. Olsen, J. Aatoros, and W. Barron.
"Auroral Zone Emissions Centered at 700 Cycles per Second,"
ij. .eotyi. Res., 70, 1079-108Z, 1965.

55. R. A. Helliwell. Whistlers and Related ler.ospheri,: Phenomena,
Stanford Univ_ýrsity Press, Stanford, California, I0,65, 349 pp.

56. J. V. Lincolh, "Geomagnetic Indices," Physics of Geomagnetic
Phencmenal, 67-100, S. Matsushita and W.H. Campbell, eds.,
Academic Press, New York, 1967.

57. *W.F. Dudz2ak, D.D. Kleinecke, and T.J. Kostigen. Grahi
Displays of Guomaglietic Geomnetry, RM63TMP-Z, DASA 1372,
General Electric Co., Santa Barbara, California, 1963, 60 pp.

2I

2 -75 '



_,-••c •.. . . .? • : . . .• . . .. .. ..... :. . .. r..• r.flq;. , W ' -,+ ,•: -..- ' n,--,.. .. 'rx,rr "v " -•t. ... ... : . . .... ' '

21 January 1977

SECTION 15

INDEX

-A- Alphwi particle, 4-20, 21, 94 to 99: 7-1;

Absorptance, 8-3, 36 fI Amplification
(see Emissivity) (see Absorpt.on: Growth rate)

Absorption Wave Angular momentum, 3-8, 9
(sve Wave absorption/amplifi- Anisotropy, 5-82, 86, 103
cation) Annealing, 8-10, 17, 38

Absorption center, Color center. 8-3, 4, Anomaly
36 IT (see South America

Absorption coefficient, 8-15 Antenna: Antenna power, 9-18
Acceleration/deceleration, 3-21, 25: 4-7: Antineutrino

5-42, ,4,49. 57, 60: 7-2; 9-1 (see Neutrino)
Action integral, 3-27 Arch (trapped electron), 7-I ,;

(see Hamilton's equotions) Argus
Adhesives, 8-42 ff (see Nuclear detonation;
Adiabatic invariant' Adiabatic appruxi- Artificial radiation belt)

mation, 1-9; 2-36: 3-26, 29 f:; 4--1, Artificial radiation belt. 4-7, 12, 13; 5-1,
4, 6. 17. 55: 5-56 fT 50, 52, 96:6-1 fT: 7., I1% j2-2 fI

(see Constants of motion: Argw', 6-29
lIvariant surface) Argus I. 6-14 fl, 18 If, 21

first adiabatic invaoriant, 2-360 3-30. Argus 11, 6-15, 21, 2o
64 IT, 73: 4-6, 5•: 5-38, 42, 43. Argus 111, 6-2, 24, 25
56. 57, 60 Orange. 0-9

(see Magnetic momellf) Skarfish. 4-7, 13 to 16. 77. 86: 5-25,
second adiabatic invariant, 2-36; 40, 50 ff; 0-.36, 39, 43 ff: ')-[,

3-30 fY. 5t f 14, 608. 73.. 5-38, 23
42 fT. 560 IT Teak, 04, 10 fl

third adiabatic invariatit, I-10: 3-3 i USSR Oct 22, 1962, 0-47 If
S-33, 42 IT. 56o USSR Oct 28, 1962, 0-49 ff

Air, 7.1 ff: 8-39 USSR Nov 1. 1962, ,-50 If
(see Atmosphere) Asymmetric ring current, I-15

Albedo neutroii; (C.osini: ray, I-1 !:5-1. ýse Ring current)
2.6 If Alm;sphi re, 2-22: 3-23, '.-4, 17. 18:

(%Te Cosm.c ray; Neuron 5.I fT, 1H 21 f: . 25, 27. 35,4,,
decay) 52. S5 IT, ksG, 70, 72: 7 If. 2;

Altven wave: Alfven velocity. I I; 5.-< ff, 99-21; I 1-1) If
(6 11" 82 A lmotdritc" r tiftol

(see Iiasma ayve) (see Cu tlofl)
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Atmospheric dynamo, 1-14; 2-40; 12-1 Brazilian anomaly
Atmospheric scattering (see South American...)

(see Coulomb scatterng) Breakdown, 8-23, 28, 35
Atomic radius, 5-3 Bremsstrahlung, 8-1,65, 67 ff; 9-1; 10-3;
Aurora, 5-60; 9-6 12-4
Auroral particles, 1-7 Brightness, 9-18, 25, 29
Auroral region; Auroral zone, 1-6 fC; 2-41; Brightness temperature, 9-19, 21, 26 ff

4-22 Bulk semiconductor, 8-3, 20 ff
Azimuthal drift (see Semiconductor)

(see Drift) Buoyancy, 7-3
Butterfly distribution, 6-12

-C-
Ballistic trajectory, 7-2 ff
Bandwidth, 8-24; 9-18 Cadmium sulfide cell (CdS), 8-17
Base Canonical conjugate, 3-26 fl

(see Bipolar transistor) (see Hamilton's equation)
Base layer, 8-15 ff Capacitance, 8-21, 31
Base region lifetime, 8-2 Carpenter's knee, 1-17
Base transport factor, 8-23 Carrier density/lifetime/removal rate, 8-3,
Beamwidth, 9-3, 5. 14 If, 18 6, 9, It, 13, 20 ff
Bessel function, 9-5, 7. 8 (see Majority carrier; Minority
Beta decay, 7-1 ff, 6, 13, 15, 18 ff carrier)
Beta electron; Beta particle; Fission Beta, Cavity resonance, 2-43, 44

7-3, 6, 13; 8-5; 9-1 ; 11-9 CdS
(see Fission. .. ) (see Cadmium sulfide)

Beta tube, 6-3; 7-13, 14, 16 Center-of-mass reference frame
(see Magnetic flux tube) (see Coordinates)

Binder, 8-36 If Cerenkov detector, 11-4
Biological damage, 10-1 (see Detector)
Biological effectiveness (RBC), 10-1 Channel, 8-30 Cf
Biological system, 8-5 Channel multiplier, 11-4
Bipolar transistor, 8-3 ff, 13, 20 CC, 34 ff, (see Detector)

44 Charge density, 3-42
Bolun diffusion Charge exchange, 4.18; 5-5 ff, 19, 20;

(see Diffusion) 7-7 ffC 11-30
Boltzmann equation, 3-39 tT; 5-3 1, 71 (see Cross section)
Boltzmann-Vlasov equation, 5-68 Charging; Spacecraft, 4-19

(see Boltzmann equation) Chorus, 245
Born approximation, 8-67 ('IRA model atmosphere, 11-15
Bounce period/frequency, 3-23, 71 IT; (see Atmosphere ... )

5-13 fT, 23, 96; 7-13, 27 CMOS
(see Reflection) (see Complementary Metal

Bounce resonance, 5-58, 60, 69, 94 Oxide Semiconductor)
Boundaries Coating

Isee Magnetosphere, Magneto- (see Optical . .
pause. Pseudotrapping region; Cold plasma, 5-103, 107 Al
Ttapping limits) (see Temperature)

B.wndarv field, 2-3P, 34, 35 Cold plasma dispersion equation, 5-71
bound eiectron, 5-2 IT, 7 IT, 23 74, 80.•' Vow shock, 1-4 Wse lDislwersion equation) 01

15-2

[Ii



21 January 1977

Collective behavior Coordinates
(see Plasma; Collision) B,L, 2-20, 22, 23, 24, 25, 59 to 70;

Collector, 8-23 ff 3-33 ff
(sce Bipolar transistor) (see L- parameter)

Collision, particie, 3-1 ff, 38 ff: 5-1 to cartesian, 5-11
27, 69; 7-6 center of mass, 5-3.23

(see Deflection; Cross section) curvilinear
Collision force, 3-3, 40 (see Euler potential)
Collision frequency, 3-42, 45 cylindrical, 2-9, 12; 3-7;, 5-12
Color center energy, pitch angle, 5-13

(see Absorption center) geocentric, 2-4
Complementary Metal Oxide Seniicon- geographic, 2-16

ductor (CMOS), 8-35 ff geomagnetic, 2-13, 51 to 57
Compression polar, 2-22

(see Magnetic .) spherical, 2-9, 11, 25; 3-28; 5-47
Computer programs, 3-89; 11-35 ff velocity, pitch angle, 5-12, 13

adiabatic motion, I 1-46 wave frame, 5-64
angular drift velocity, 11-42 Core field, 2-1
atmospheric densities, 11-39, 42 Corotation, 1-13, 15
B, L, 11..36 Cosmic radio noise, 9-21, 23, 26, 28, 32
decay factors for artificial radiation (see Radio noise)

belts, 11-48 Cosmic ray, 2-36; 4-3; 5-1,26, 31
exposure of a satellite to radiation, (see Albedo neutron)

11-42 tf C'•smic ray star, 5-27
geomagnetic field, 11-37, 38 Coulomb collision; Coulomb scattering,
high-altitude nuclear effects, 11-35 2-22 ý 4-17, 89; 8-8 ff
Somnidirection to direction flux (see Cross section, Rutherford)

conversion, 3-89 Cover slide (solar cell), 8-14 if
trapped particles in outer magneto- CR AND source for protons, I-l : 1 2-2

spiere, 11-40 Critical mirror point
trapped particles from nuclear deto- (see Cutoff)

nations, 11-40 Crochet 2-40
trapped particle shells and kinenia- Cross-L diffusion

tic part.meters, 1 !-39 (see Radial diffusion)
crapping, 11-41. 44 Cross section

Computer simulation, 5-83 Bremsstrahlung, 8-67 ;1
Conduction electron/hole, 8-10 capture, 8-10
Conductivity, 34 1 ffC; 7-5; 8-3, 15, 20, charge exchange, 5-20; 7-7

22 ff collibioii, 7-3 tT
ýs.,?e Resistivity) displacement, 8-8 fI

Cond'ctivity tetisor, 343 IT; 5-41, 43 emission, 8-10
Conjugate region;Conjugate mirror point, hard sphere, elastic, 8-8 If

7-6, 13, 15 Moller, 5-3
Constants of motion, 3-2, 26 monientum exchange. 7-4
Continuity equation, 3-40, 42 nuclear reaction, 5-20 fI
Contour plot, tlux contour, 7-9, 10; 8-37; Rutherford, Coulomb, etc., 5-3'

9-20 8-8 ff
Convection, 1- 12, 14 IT, 17; 4-5, 17. 19: secondary production, 5-20

5-49, 108 If. 12-3 total, 5-31,32
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Crystal, 8-7 ff. 37 D~egenerate Integral invariant, 32,73,
(see Lattice) 7

Cu rrent (see Adiabatic invariant.
(see Giain: Saturation) secold)

Current. Current density, 3-1 7, 11 I If' D~egradation, 8-1 1'1', o, 3, 17 ft
Curvature, 3-1 8 Oclu yet net (ron, 11I-8

(see Drift) (see Iissionl ...

Cutoff frequency, 8-24 IDelta function ; D~irac deltLa function,
Cutoff magnetic field: A tmosphteric cut ý-80

oil', 2-30; 4-9l)N
Cutoff pitch angle: Atmospheric Cu loiff (see D~amage equivillent)

Critical mirror point, 3-22 1i1, 51) 1'1: D~ensity . 3-4 1
5-23, 3 7: 7-10 I't', 14 ff(.ee listrihution (unct~ion)

Cyclotron frequency DeI ).pelion: Depletionl reglmi . 8-3 I

Cyclotron radiation IDeftectors. radiation. I I II i. o- 14, .2
(see Synichrotron) leticutroo, T)

Cylindrical componentIs I evice characteristic, 9.2, 13 1"

(see ( uurdhiu wit-R I I lailagile filsil, 3-210. 2,'12: 7A
D~ielectric, 9-7, 34, .3 'W
D~iffused layer, 8-1 .5 Ifl
D~iffusion. 4-1, 7, 17, 18. 1 Q): S. 1.; 7.5.

Damage coefficient, 8-4, 12. 14,2. 7) 28
Damage eqllivalctit, normally iticidco Bohim. 5- 103 12-2

fluence (DENII), 8.4 H,1.1. , 70 11' hounce-resonwnt, Fermi accelerw
Debris tlon. 5-51 ITl, 94V

(sec Radioactive )energly, 5-212 IT1, 65, 94 II'1
Debye length, 3-38:-,54, 13 oteulron, 5-32
Debyc sphere, 3-38: 5 1 3 pitch angle, 1 -10; 5-13 I'I. 2.1 ftl.
D)ecay of artificial radiation belt, 5-I 84. 05 11, 931 I1

6-1, 2 radial; crus~s-L, 1-Il1 5-J31. 14! 11'.
(sec Lifetime) 94, 108

Argus 1, 6-2. 20, 2 2, 2 5 lokker*Plantk: velocity space.
Argus 11, 0-2, 23, 21) 513 1ft'
Argus 111, 6-2, 24. 25 lDiffusion coctfticient, S-1 3, 1 7. 23.. 3 2
Orange, 0-2 4o f1, 93 If". 98 H', 1- 28;ý 8- 14. 201
Starfish, 0-2, 39) 11' Diffusion eqluation, 5 I13 If,' 95
Teak, 0-2, 10. 12 ( see Fokker-.Planckt

Decav time, 4-4, 5, 131 IPifusion length, 8-15 f1.* 2t0, 23
lDecekcra tion D iffusion triajectory , 5-0 fl. 95

lfet (see Accelerat(ion) D igit~al circuiit:, Digit(al device, 8-34
Dfc;L~attice defect: D~efect center, D~ilation fiactor

8-2 11', 13. 30 It', 42 Isee Relativity I
(see Imperf'ection) D~ilutlion tact or. 7-20

D~efect Cluster, 8-I 0 D~iode. 8-(', 13, 5 I I
IDeflection : Scaittering D~ip a:il.

(see Cross section) (set, Nfiagnetic incldination I
1)* waves, 5-03 ft' D~ipole field, 2-I, 5.1, 1(,, IX, 21), 25, 21)

* oulonib atmospheric, 5--2 2 ff1 D ipole magnetic field, 3-3. 7 ff31.33,
muiltiple: cumulative, 5-3, 9) 11', 22 IT SI If: 5-.3,s, 42. 46), 56. 57, '1-I . 25
neutron, 5-32 ( See ( ,e iiiagnet ic t1 e hItI
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Dipole moment E,
(see Magnetic moment)

Directional flux; Specific intensity, 3-36, East-west asymmetry, 5-22
9 1 ff Effective damaging energy, 8-7 1

Dispersion equation, 5-68 ff Eigen-mode; Eigen value, 5-13
Displacement, latdce, 8-7 If, 36 ft Elastic scattering, 8-9
Distribution function, 3-35 ff, 39; 4-6; (see Cross section)

5-10, 23, 68, 71, 107 Electric current, 2-1, 2, 18, 19, 28, 34 'o
Disturbance field; Fluctuation field, 37, 40

5-46 fIf Electric field
Dopan t- Doping, 8-3, 20, 24, 3 5C ionospheric, 1-13 IT
Doppler shift, 5-64 magnetospheric, 1-12; 4-17, 19, 92

(see Resonance) Electric potential
Dose. 8-1, 5, 14, 28 IT, 44, 46 fT, 52 tf; (see Potential . .

10-1 ft Electrojet
(see Fluence) (see Polar ...

1P2, 5-42 IT Electromagnetic wave, 4-3, 17; 5-61, 98
(see Geomagnetic disturbance) (see Plasma wave)

D)rain Electron, 2-28, 41; 4-2, 6 to 20. 50 to 92
(see Field effect transistor) Electron-hole pair, 8-7 IT

l)rain current, 8-29 f" Electron slot
l)-regimo of ionosphere, 11-30 (see Slot region)
Drift, Drift velocity, 3-15 ff, 24, 33. 36, Electron temperature

4-2; 5-46; 7-4, 13 (see Temperature)
azimuthal, 1-8 ft; 3-19, 24. 36 Electron-volt

(see Gradient-B drift) (see Units)
curvature, 3-18 Electrostatic force, 3-38; 5-3
ExB, 1-12: 3-15 IT, 26 Electrostatic wave, 5-71,82, 98
generalized, 3-17 (see Plasma wave)
gradient-B, 3-18 IT, 43 ELF

(see Drift, azimuthal) (see Extra low frequency)
Drift dilut ion, 7-17. 21 ft Emission coefficient, 9-18, 22, 25 IT
Drift field solar cell, 8-I17 Eimission pattern

(see Solar cell) (see Radiation pattern,
Drift period/trequency : Azimuthal drift Syn hrotron ... )

period/frequency: Drift rate, 3-23 I'f, E-missivity; Emittance, 8..3, 30, 42 IffT
71 IT; 5-18, 42 IT, 47 IT; 7-12, 17, 19 Emitter X

Drift shell splitting (see Bipolar transistor)
(see L-shell solitting) Energy

D)S (I)s I magt'etic storm component, 2-41 kinetic, 3A-4 9-2
!see Geomaguetic ... ) rest mass. 3-4

D)ST (I)stO magnetic storm component, total relativistic), 7-199 9-5
2-41 Energy density, 7-5

(see Geomagnetic . .. ) Energy level; Energy band, 5-2. I O; ;i 10.
MIlyamical friction, 5-14, 17, 23 ,37

isee Fo;,ker-Planck) IEnery•r spectrum, 5-31 ý - 12. 2 5 IT. '". )
l)ymamical trajectory. 3-35 IT 36, 38' 40i 7-2, •., 27 8-2 It, 47, 52,

58, 61) 71; ')--'1
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Energy transfer, 3-40; 5-3 Finite difference, 5-13

Environment; Radiation environment, Fireball, 7-2 ff
8-1, 5, 57 First adiabatic invariant

Epitaxial deposition, 8-33 (see Adiabatic invariant;

Equation of motion, 3-2 ff, 5 Magnetic moment)

Equatorial pitch angle, 9-25 Fission physics, 1-4 ff

Equivalent I MeV fluence/flux, 8-44, 46, alpha particles, 11-8
70q f beta particles, 8-5, 58 ff, 81; 11-9

(see Damage equivalent) beta spectra, 8-58, 65 ff, 76; 11-9

E-region, 11-30 fragments; products, 6-1, 3, 29, 46;-

(see Ionosphere) 7-1,6, 9
Error function, 5-I 5 (see Radioactive debris)

Euler potential, 3-27 ft*; 5-38 Fluctuation field
(see lHamilton's equations) (see Disturbance field)

Excitatin-ionization potential, 5-3, 7 If, Fluence. 4-16. 87. 8-2 ff, 14 ff, 21,24 ff,

19 28, 32, 39 ff, 44 ff, 70 ff

Exosphere, 11-12 ff Fluting instability

Expansion of debris, 7-8 (see Interchainge instability)

(see Magnetic compression/ Flu?, 3-36 ff

expansion) con tours

External field, 2-33 (see Contour plot)

Extra low frequency (ELF), 2-44 density
Extrinsic semiconductor, 8-3 (see Magnetic field)

directional
-F-. (see Directional flux)

magnetic, 3-23, 25, 30 fIt

Fan-out, 8-34, 35C onmnidirectional

Faraday cup, 11-4 (see Omnidirectional ...

(see Detector) Fokker-Planck coefficient, 5-11 ff, 22 ff,

Faraday's Law, 3-24 46,93

(see Maxwell's equations) (see Diffusion ...

Fermi acceleration, 5-57, 60 Fl.kket.Planck equation, 5-10 If, 22 ff,

Fermi potential. 8-31 46, 58 ff, 94

PET 
(see Diffusion ...

(see Field effect transistor) Forbidden region, 3-8 IT; 5-27

Field, electromagnetic, 5-2 (see Trapping. .. .

Field effect transistor (FET), 8-3,, 13, Fourier analysis; Fourier component,

28,31 ft, 44 547,,9-2

Field equations, 342 ree electron, 5-2, 4, 8, 23; 8-10

(see Maxwell's equations) F-region, 11-30 1
Field intensity (see Ionosphere)

(see Magnetic field.,.) Frequency sl;ectrum, 9-5, 10, 16

Field line, 2-10, 11, 13, 16, 20, 28, 34, (see Power spectrum)

37, 40; 3-18. 24 ff, ?8:4-19, 91 5-35, Frozen field, 3-26; 5-41 ; 7-4, 5

57,61; 6-4; 7-5, 6, 9, 16;9-3, 16 (see Field line) 
N,

Field line connection, I-17 -7

Field strength 
'

(see Magnetic field ...

Filters, optical, 8-42, 45 Gain, 8-22 'f, 35. 35C
Gamma rays, 8-2, 30, 67: 11-8

(see Fission ..
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21 Jcnuary 1977

Gate, 8-13, 29 ff Gyro radiation
(see Field effect transistor; (,e Synchrotron radiation)
(Nlota! oxide semiconductor...) Gyro radius, 3-7, 15, 19; 5-56

Gate voltage, 8.29
Gauss normalized Legendre functions, -H-

2-19
Gaussian coefficient, 2-i9 Hall conductivity, 3-44
Gaussian units, 3-1,47 Hamiltonian, 3-26 If; 5-38

(see Units) Hamilton's equations, Hamilton-Jacoby
Geiger ý.ounter, 11-1 theory, 3-26

(see Detector) Hardening, 8-35, 35C ff
Geomagnetic Harmonic number, frequency, 9-5 if

activity, 5-25 Harmonic analysis
coordinate systems, 2-14 to 2-18 (see Fourier; Spherical
disturbance fluctuation; pulsation, harmonic)

5-42 ff, 56 ff, 69, 84 Harris and Priester model atmosphere,
equator, 2-16;9-19 ff 11-15
fie!d, 2-1 ff; 3-1, 8, 15, 19 ff, 28, (see Atmosphere...

31, 33, 36; 5-44; 9-14 ff, 25 Heat cepacity; Heat content, 7-3
index, 2-47 Heat transfer, 3-40
latitude; longitude, 2-16, 28, 51; Helium ions in ionosphere, 11-30, 32

7-9, 10; 9-29 Heterosphere, 11-9, 12 ff, IS
Ws~e Coordinates) (see Atmosphere)

meridian, 2-16 Hiss, 2.45
pole, 2-16 (see Geomagnetic pulsation)
pulsation, 2-42 Hole, 8-3, 7, 10, 31
storm, 2-40, 41, 43, 48; 4-4 to 7, Homospbere, 11-9

12, 15, 21, 22, 55; 5-52, 72 fT, (see Atmosphere)
103 Horizontal magnetic intensity, 2-3, 4

tail, geotail, 4-1 Hot plasma, 5-103, 107
transient variations, 2-39 (see Temperature)

(see Gecma•,netic disturbance) Hybrid integrated circuit, 8-33, 35

Geometry;Geometric factor, 8-5 (see Integrated circuit)
Giant pulsations, 2-44 Hydrodynamics, 3-3, 40; 7-6
Gradient drift, 4..17 Hydromagnetic model; Hydromagnetiv

(see Drift) equations, 3-38, 40, 43; 7-6, 7. 28
Gradient magnetic field, 3-18 (see Plasma..

(see Drift) Hydromagnetic stability/instability, 5-33,
Gravitation; Gravitational force, 3-1, 3, 38 ff

18; 5-32; 7-5, 6 (see Instability)
Green's theorem, 3-30 Hydromagnetic wave, 5-58
Group velocity, 5-78 isee Plasma wave)
Growth rate, 5-78 Hydrostatic equation, 5-18

(see Wave amplific..tion)
GSFC field model, 2-19 -I-
Guiding center, 3-2, 13, 15 ft', 1), 26 H',

43; 5-22 IGRF field model. 2-20
Gryu frequency/period, 3-6 ff, 23, 25, (see Geomagnetic field)

65, 69; 5-16, 61, 64, 68 ff, 92, 98 Imperfection, 8-2
Gyro motion, 3-5, 6, 16, 27; 5-62, 63 (see Defect)
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Impurity, 8-2, 4, 6, 10 ff, 43 Ion cyclotron mode- lon cyclotron wave,

Inclination, field line, 2-3, 4, 7: 3-18; 7-6, 5-74, 103
14 (see Plasma wave)

Index of' refraction Ionization, 5-2, 4; 8-2, 7, 21 ff, 31, 36 fl',
(see Refractive... 1 42

Induced current, 5-41 (see Excitation-ionization)
Induced magnetic field; Induction field, Ionization chamber, 11-3

3-20, 23 ff (,;ee lDetector)
(see Diamagnetism) Ionized gas, 3-44 ff

Inelastic scattering, 8-9 (see Plasma)k
(see Cros section) Ionosphere, 2-1. 19, 44, 45; 3-46ý 4-,

Inhoomogeneous field, 3-18, 21,25 23; 5-41 fT, 71, 96; 9-28 ff; 11-30 IT; j
Initial phase, 2-41 12-1

(see Geomagnetic storm) Ionospheric
Injection, 4-7, 17; 5-1, 23 ff'. 30; 6-36, currents, 1-14; 2-1,2, 19

43 ff, 48 ff; 7-2, 4 iT, 13 ff, 20 ff; (see Electric field)
8-58 ff dynamo, 1-14

Injection efficiency, 8-23 electric fields, 1-13
Inner radiation belt; Lower radiation layers, 11-30

belt, 4-6 to 8, 12 to 16, 23 ; 5-31 7-2 Isotope, 7-1. 15
Instability, 5-35. 37, 58, 76, 80. 82; 7-8, (see Stable .

S28 Isotropic distribution, 7-9
(see Plasma instability) isotropic flux. 8-47, 52, 57. 70

hInsulator, 8-2
Integral invariant .

(see Adiabatic invariant,
second) Jacehia model atmospheie. 1 -15Integrated circuit, 8-7, 33 ff (see Atmosphere)

lItensity, 3-36 tf Jacobian, 5-10 IT. 39
(see Flux) Jensen and Cain field model. 2-19, 20

Interchange instability: Fluting instabil- (see Geomagnetic field ...
ity; Rayleigh-Taylor instability, 5-37, Jensen and Whitaker field model, 2-19.
43; 6-46; 7-28 20,26

interplanetary field; Interplanetary me- (see Geomagnetic hield ... )
diuni, 2-42;4-1, 7, 18, 90 Jet, radioactive debris, 6043: 7.8 ff

Interplanetary magnetic field, i-1 ft J[FIT
Interplanetary sector, 4-7, 18, 90 (see Field effect transistor)
Ihterstitial atom, 8-2, 43 .1-integral, 3-31 IT I
Interstitial vacancy (I-V ), 8-10 (see Adiabatic invariant,Intrinsic carrier, 8-20 second)
Invariants, adiabatic Junction, 8-14, 20, 22 IT. 28, 31 ff', 44

(see Adiabatic...) tjunction field effect transistor (tI-"Hn
Invariant latitude, 2-16, 26, 27 (see Fieldi effect tra'nsistor)

(see L-shell, L-parameter)
Invariant momentumi, 5-76
Invariawnt surface, 3-13, 3 I t'; 5-45 A

(see Adiabatic invariant) Landau damping, 5-81
Inverted V, 4"19 Lamdau resonance. 5-98
Ion, -28. -;414-2, 5. 20 to 23 Lattice, 8-2. 0
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Lattice displacement bay, 2-42; 4-17
(see Displacement) (see Substorm)

Lattice imperfection; Lattice defect, bottle, 7-5
8-2 fI (see Mirror point)

(see Defect) Bremsstrahlung
L currents, 2-39, 40 (see Synchrotron)
Leakage current, 8-22, 24. 26 ff bubble, 7-9
Left-handed waves c'ompression, 3-26; 5-45, 57

(see Polarization) (see Field lines)
Legendre function, 2-19 declination. 2-3,4
Lifetime; Decay time, Loss time, 4-3, 17, disturbance, 4-7

18; 5-5, 9, 17, 20, 50, 54, 56; 7-12; (see Geomagnetic storm)
8-57; 10-5 element, 2-2, 3, 39; 3-2 ff, 14 ff,

Lightning storm radio noise, 9-21, 23, 20 ff, 26
32 energy, 5-35, 71

(see Radio noise) field, 2-1 ; 4-1, 3, 9
Linearizvd plasnma wave theory; Linear (see Geomagnetic field;

theory, 5-82 ff Dipole)
Liouville's equation; Liouville's theorem, field intcnsity; field strength, 3-42

3-35 ff; 5-13, 26, 45, 50: 7-13, 17 field, in terplanetary, I-I
Lithium drifted solar cell, 8-17 fluctuation

(see Solar cell) (see Geomagnetic fluctuation)
Local geomagnetic time, 2-16 flux
Longitudinal invariant, 1-10 (see Vlux; Magnetic field
Lorentz factor intensity)

(see Relativistic dilation factor) flux density, 9-2
Lorentz force, 3-1 flux tube, 5-23, 39

(see Equation of motion) force, 3-3
Loss cone, 5-13, 28 ff, 87 hydroinagnetic ,'ompression, expan-

(see Cutoff) sion, 7-2. 'j,
Loss (particle), 2-22: 4-3, 17, 18 inclinatio,., 2-3, 4, 7

(see Decay time; Lifetime) meridiau, 9-29
Loss time mirror

(see Lifetime) (see Mirror point; Reflection)
Lower hybrid resonance, 5-98 moment. 1-9; 2-9; 3-8, 23, 26 fI:

(see Plasma wave) 5-57.60
Lower radiation belt (see Adiabatic invariant, first)

(see Inner belt) potential, 2-18
L-parameter, Mcllwain, 2-13, 18, 22, 26; (see Potential)

3-33; 5-44 pressure, 2-41 ; 4-2: 5-35, 37 fT: 7-4,
L-shell, 3-33 If: 5-1,25, 44, 56. 60 ff, 80, 9, 28

82: 7-6, 13, 15, 28; 9-21, 24 IT, 29 IT (seeStress tensor)
splitting, 3-33 It: 4-7 reflection

Lunar daily variations, 2-30. 40 (sce Reflection)
shell i

-M- (see L-shell)
stornl

Magne tic (see Geomagnetic.. .

(see Geomagnetic ... Magnetohydrodynamics, 3-41
activity, 4-5 (see Hydromagnetic model)
anomaly, 2-1. 22 NMagnetopause, 1-2, 4; 2-28, 29, 31, 34 A
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Magnetosheath, 1-4; 4-1, 19 Mirror latitude, 5-48 ff
Magnetosonic mode, 5-74 Mirror point; Mirror field, 3-21 ff, 31 ff;

(see Plasma wave) 5-25, 43, 57, 82; 7-9, 12; 9-16, 21
Magnetosphere, 1-1 ff; 2-1, 2, 28 to 30, (see Turning point)

34 to 36; 4-1 to 5, 18, 20, 22; 5-55, Mirror point density, 7-12
60, 71 ff, 78, 98 MIS

Magnetosphere model, 1-17 (see Metal insulated semi-
Magnetospheric boundary, 2-34 conductor)
Magnetospheric dynamo, 1-14 Mobility, 8-13, 29
Magnetospheric electric field, 1-14 Model atmosphere
Magnetotail, 1-6 (see Atmosphere)
Main field, 2-1, 34 Moments of Boltzmann equation, 3-39 fT

(see Geomagnetic field) Momentum conservation, 3-40
Main phase, 2-41 Momentum space trajectory

(see Geomagnetic storm) (see Diffusion trajectory)
Majority carrier, 8-3, 5 ff, 11, 17, 21, Monolithic integrated circuit, 8-33

28 fn (see Integrated circuit)Markov process, 5-10 Monte Carlo comlutation, 8-68

Maximum power, 8-16 MOSFET
Maxwellian distribution, 5-86, 105, 106 (see Metal oxide semi-
Maxwell's equations, 3-1, 18,42; 5-33,61 conductor FET)
Maxwell stress tensor

(see Stress tensor) -N-
Mcllwain L-parameter

(see L-parameter) Net flux, 3-37
Mead model of geomagnetic field, 2-37, (see Flux)

38 Neutral sheet, 1-6
"(see Geomagnetic field) Neutrino/Antineutrino, 7-2

Mean free path; Mean path length, 5-5 Neutron, 4-3
Measurement techniques, 1I-1 ff Neutron decay, 1-I I; 5-25 IT; 7-1 IT
Mechanical force equation, 3-41; 5-33 (see Nuclear decay, fission)
Meridian; Meridian plane, 3-9 ff Neutron diffusion; Neutron transport,
Mesosphere, I 1-13 5-32 ff

(see Atmosphere) Neutron half-life, 1-Il
Metal insulated semiconductor (MIS), Neutron production, 5-27, 28

8-13, 28 ft', 34 Nicolet model atmosphere, 11-9, 15 ff
Metal insulated semiconductor field ef- Noise, 8-34

fect transistor (MISFET), 8-28 iT Nonhomogeneous field
Metal oxide semiconductor FET (see Inhomogeneous field)

(MOSFET), 8-3, 6 Non-linear plasma wave, 5-82
Microcircuit, 8-7, 35 n-p junction
Micropulsation, 2-42, 44 (see Junction)

(see Geomagnetic ... ) NPN transistor, 8-24 fl
Microsheet glass, 8-43, 45 (see Bipolar transistor)
Migration, 8-9, 10 n-region, 8-3, 20 ftft
Minority carrier, 8-3 If, I I ff, 14 IT Nuclear collision; Nuclear reaction, 5-5,
Mirror altitude, 3-59 IT; 5-18; 7-12, 13 19 ffTi
Mirroring; Magnetic mirror, 4-3, 10, 18, Nuclear decay, 5-25, 33 IT

47, 55 "
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Nuclear detonation; Nuclear explosion, -P.
2-45; 5-37, 92; 6-1 ff; 7-1 ff, 7, 12 ff,
28 Particle collision

Argus 1, 6-2 (see Collision)
Argus 1i, 6-2 Particle detector
Orange, 6-I ff (see Detector)
Starfish, 4-12; 5-40; 6-1 ff, 31 ff, Passivation layer, 8-3, 10, 21 ff, 26

45; 7-8;9-1, 19; 12-3 pc, 2-44
Teak, 6-1 ff (see Geomagnetic pulsation)
USSR, Oct 22, 1962, 6-1 ff, 47 ff Pearls, 2-44
USSR, Oct 28, 1962, 6-1 ff, 47 ff (see Micropulsation)
USSR, Nov 1, 1962, 5-52; 6-1 ff, Penetration;... depth, 7-7 ff

47 ff Phase space, 4-6; 5-19
Nuclear emulsion, 11-3 Phase velocity, 5-64, 79, 81, 104
Nuclear fission Phoswich, 11-2

(see Fission ... ) (see Detector)
Nucleus, 5-3 Photographic system, 8-5
Number density, 3-39:9-19,21 pi, 2-44

(see Distribution function) (see Geomagnetic; Micropulsa-
tion)

-0- Pigment. 8-36 ff
PIN

Ohm's law, 3-41,43 (see Diode)
Omnidirectional flux, 3-36 ff, 89 ff; 5-32, Pitch-angle cone, 5-28 If

37, 55, 80; 7-10, 14 ff, 27 ff, 29: 8-4, (see Loss cone)
59 ff;9-24 Pitch-angle diffusion, 1-10; 4-17; 5-56

artificial electrons, 6-22 ff, 32, 35, (see Diffusion)
37, 48, 50 Pitch-angle distribution, 5-71. 85, 93

Open field line model, 1-17 (see Distribution function)
(see Magnetosphere) Planar transistor; Planargeometry, 8-22 tI

Optical coating; Anfireflection coating, Planetary geomagnetic activity; Planetary
8-42 fI" index, 2-47, 48

Optical material, 8-3, 5, 42 Hf Plasma: Ionized gas, 2-41; 3-3, 26. 38 fIf
Optical transmission, 8-3,42 ft' 4-22; 5-1, 4, 9, 13 f'. 33,35,42,68 ff:
Orange nuclear detonation 7-4

(see Artificial radiation belt: Plasma density parameter, 5-71 1f, 104
Nuclear detonation) Plasma frequency. 5-70 It: 9-l0

Orbit Plasma instability, 2-45; 5-37, 78, 82, 87
(see Satellite...) (see Wave amplification)

Orbital electrpn, 5-2, 3, 23 Plasmapause. 1-17; 5-72 ff', 98
Orbital parameter, 8-2. 4 ft, 15, 17, 44 ft Plasma sheet, 1-6; 4-5

(see Satellite) Plasmasphere, 1- 15. 17: 5-108: 11-32
Oscillation Plasma wave: Plasma oscillation, 3-43:

(see Plasma wave) 5-1, 33. 56, 58 ft. 68 ftf
Outer radiation belt; Outer zone, Outer p-n junction, 8-7, 14, W16 ) f1t, 26, 30,

trapping region, 4-6, 8 to 12. lo, 23; 33
5-37, 80: 7-2 (see Junction)

Outer trapping region, 5-37 PNP transistor, 8-26
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Polar cap. 2-41 Radiation pattern; lmission pattern,
Polar electrojet, 3-406 Q-3 IT, 12
Polar wind. 4-21 Radioactive debris, 6-4, 20, 43, 40, 49);
Polarization (right and left), 5-(11 IT. 69, 7-1 ft, 6 IT. 12 It. 18

7!1, 74, 76 t;: Q-3, 18. 26, 32 (see Fission ...
(see IPlasma wave) Radio noise. 9-21. 23

Positron, 7-1 Range, fast particle, 5-5 IT; 7-0, 8; 8-47,
Potential 52 If

electric, 3-28, 29; 5-43 Rayleigh-:l'aylor instability, 5-37; 7-8
Li'nard-Wiechert, 9-2 (see Interchange.. .

magnetic, I- 17 Ray p)ath.I 9-24 ft
Stormer, 3-1), I Rill

Power conversion efficiency. 8-42 (see Relative biological effec-
Power spectrUtm; Power density: Spectral tiveness)

density. 5-44, 47 IT. 50, 59), 00, 69 IT: Recoil, 7-3
9-2 IT, 31 Reconmbination; Recombination center,

lPoynting vector, 9-I1. 3 8-3, 10 ff, 20, 32
Precipitation. I- 10: 2-26: 4-22 Recovery plhise. 2-4 1147; 4-22
lj-region. 8-3, 20 IT (see Geomagni, ti, storm)
Pressure tensor Rectifier diode, 8-20 fT

(see Slrems tensor; Magnetic (see Diode)
pressure) Redistribution, 5-1

Probability, 5-10 If Reduced mass, 5-2
Probability density. 8-47 Reflection
Prompt gamma, I 1-8 M irror poinlt:urninp

(see Fission ... ) point)
Prompt neutron, II-8 magnetic. 3-1-3, 21 Il', 5-57

(see Fission ... neutron. 7-2
Propagation wave. 5-71. 74. 75 wave, 5-71, 30, 82
Prolon, 2-28 4-2 to 6. 21. 32 to 55 Reflectivitv. 8-I5, 43 fT, 47
Punch-through, 8-23 Reflectors, 8-37

Refraction ; Refractive index, 84 2
"• O Relative biological et'lctiveness (Rill,

10-I
Quasilinear theory, 5-82, 95 Relativistic dilatiom factor: Lorenti la.-
Quiet day, 2-3) tor. 3-4, 28; 5--3, 6(4 IT. 8(; 6-3

(see Relativity)
-R, Relativistic mass, 3-5

lRelativily; Relativistic correction. 3-3 If.
Radial diffusion; Cross-l, diftusion, I - I ; 20, 3., o4 IT, 78: 5-4, 04 If. 75, 8(,,

4-3, 17. 18: 5-31. 42, 46 IT', 55 If, 60, 92;,1)-2 If
82; 9)-20 Resistiviityv Resistance, 3-I I 8-10. I5,

Radiation detector 17. 22. IT. 2(
(sce I)etector) (see (onductivity)

Radiation dos. I 0-I IT Resolilmee; Resonance condition. 58-5 I.
(see l)oset) o4, 18., 7 5 IT. ()9o

Radiation measurement techniques, Rest mass. Q-3
11-1 IT Right-handed wave

(s'c l'ol.'ri/a lion))
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Rinig cturret, 1- 15 2-.8, 21), 3 1. 3-. 3o, Shocklev-Read analysis, 8-1 I, 13
41 : 4-5, 23: S-1K, 103; 12-2 Short circuit current, 8-16

Roentigen equivalent man (rem), 10-1 Silicoll semiconductor, 8-4 IT, 9 IT, 15,
Rutherford crovs section 1o, 33, 70

(see ('ross section) Slot; Slot region;: Flectron slot, 4-8, 1 I
5-1)8

(see 1iner radiation helt ;Outer
radiation /orle)

Satellite Sloughing ot fireball debris, 7-4 IT
clharging Slow tail

(see Charging) (see Sferics)
irradiation, 8-57 IT. 71 I'T; 10-4 IT Solar
measurei1ments of artilicial radiation, cell, 8•-,"6, 1 3 IfT, 42 IT

(1-3 If, 8 IT, 10, 13 IT. 3 1 IT, 33 IT, cosmic rays, 5-27, 3 1
4t0, 47 If, 53 cycle: sunspot cycle, 2-22, 40; 4-2,

protection. 12-3 IT 3, 7,•, 13, IS, 15I, W, 77, 81
spacecraft. 2-1 4-I, 3 to 7. ), 10, fhlare, 2-40. 47; 4-21

12 to '0,23 heating. 2-40
statistical information. 11-41) IT maximum, .4-2. 8, , 10. I (, 32 to
system, 8-2, 5. 3( IT. 42 IT, 51), 70 IT; ,37

10-I1 IT (see Solar cycle)
(see Shielding) mnilimunm, 4-2, 8, 9, 10, 16,. 32 to

vulnerability, 10-1 IT 37
Saturation; Saturation Illux. 5-37; 7-0; (see Solar cvcle)

8-58.;-21, 24 parameter S' ( 10,7 cm flux ). I l-I
(see trapping limit) quiet variatiou, 2-31)

Satluration curre8t/2voltage, 8-20 IT, 21) rellectorl; absorber, 8-3o If
Scale height, 5-18, 7-2 ffI, wind. I-I fl; 2- 28, 2. 4 , 42. 47:
Scat1terillg. 5.-32;- I t-I( 4-2 .5, 21.22; 5-42, 8.4 IT

(see l)ellection) Solid ioni/atiol chlamber. 11-3
Scatllerilg aglle, 5-.1, 2.3 (see I)etector)
Scatterinlg center, 8-1 3 Solid stale delecto... 11-2
Sch11idt fulnlction, 2-* '8, 21 (s.ee D)etector)
Sciltillationl Counter, I 1-2 Solrce (particle), 4-3, 17, 21

(see I )etector) Source fillnictioll 7- 15
Second adiabatic i1nvanriai1d Soullth American :1a omalv Sotith Atlantic

(,ee Ad.diabhatic imvarianit) .ai omllhy, Blra. ilian alnomal% v , -
Secomd.arv productiou, S20 IT 5-21; "'-1 2, 13, 27
Second surface mirror (see Magnetic a:lOlmaI. ,

(ee Solar lelleclol) Space charge, 8- 22, 24
Sect or Spacecra ft

(see hiterplunelary sector) (see Satellite)
Secular v1ariation. 2 I, 5. 8. 20 Specific electrical coniductivity., 3-44
SOIf-consisIt'll t thorn (see Coonductivihv tensll'or)

,see IraP1)l•ping limi1it 1 Speliclral density
SemV, iconduchtor, 8I 1fT. I.0 I, 1.3 IT. 42 (see P'ower specIrum)
Sfericvs, .14 Spherical harmonic. e li i\pa , i, .'-I, MI ,
Slhiehliigg. N-I It. S. I '..2 1T. .4' Il. 05 n, 5 " S-
Shock curve. 61 4(, 7-. Sq caIrrenls, 1- 1 4 12 I1
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Stability criterion, 5-38, 40, 45; 7-15 T
(see Instability)

Stable isotope, 7-1 , 3 'Tail current, 2-28, 29). 3 1
Stab~le orbits (see Geonmagnetic tail)

(see Trapped orbits) Te anperature: Electron temp jerature,
Stable trapping, Stable trapp~ing region, 3 -38; 5 -7 1. 7 5, 7 8, 80. 10 5 IT, H- 10,

4-2, 3, 5 15 fT
Star 'Il'hermlal control surface, 8-3, 44

(See Cosmnic ray) Thermal control, 8-3, 36 fT
Starfish 'Thermal fluctuation, 5-4

(see Nuclear detonation: Arti- Thermal plasma, 4-2
ficial radiation belt) (see femperature)

Steady state flux. 5-20: 71-27 Thermal speed: Tliennal particle, Ther-
Stochastic acceleration, 5-44 iT malization, 3-2, 18 ffl. 38; S-9, 17,

(see Fokker-Planck) 7~ o IT 7-2
Stopping power, 5-2 It: 8-8, 47, 70. 7o Thermosphere, 11I- 12 ff
Storili (see Atmosph~ere)

(see Geonilagnectic) Thin film integrated circuit, 8-33
Stiirmer angular momentum, 3-8 (see Integrated circuit)
St~nner orbit, 3-7 IT;, 5-56 'Third adiabatic invariant
Stunner trai)ping criterion, 3-i5 (see Adiabatic invariant)

(see Trapping limit) Threshold, 8-3, 21), 3 I, 351)
Sturmner uinit, 3-8 TFidal force, 2-40
Stratosphere, 11-3 Tilted dipole, 2-I

(see Atmosphere) (see Dipole field)
Streaming instabifi~y, 5-70 'Total mass velocity, 3-40

(see Instability) (see Streaming velocity)
Streaming velocity, 3-39 IT Transconduc tance, 8-32
Strength (of' materials), 8-3 Transistor, 8-2 1, 25 IT., 44
Stress tensor: Pressure tensor, 3-40; tsee Bipolar. Field effect

5-33 [T . .. : Metal o~ide semiconductor
Strong (ditftusion, 5- 13, 960 .. Metal insulated senticon-
Structural impertection, 8-4 ductor)
Structure: Structural material, 8-3 Transition region of magnet osJplicre, 1-4
Sudden commtiencemenitt (SC), 2-40: 3-26; rnmsin 8-3 *

4-21-,5-44 Trapped orbits; Stable orbits, 3-8. I 2, 15;
Sudden impulse (SI), 2-42 7-1
Surface charge, 8-3 1 T'rapping. 2-I; 1- , 3, 7, 12
Surface etffect, 8-0~, 24. 26, 28, 3 2 (see lIkjection)
Surface p~otential, 8-I13 boundary, 2-I: 4-19)
Su rtace recombination rate. 8-13 center, 3-8 IT. 15, 33 tI; 5-50. 9o IT.
Surface state, 8-261 107
Switching efficiency, 6-29. 39; 7-9, 12

(see D~iode) traction, 7-9) IT
Synchronous orbit: Synichronous alti- limits, 3-8 IT, I15, 33 IlT; 5-50, 80 IT:

tude, 2-30, 38; 4-2, 4. 7 7-28
Synchrotron emission: Radiation: Cyclo- I see Forbidden regions)

troll radiation,: Magnetic IBreimstralh- region, 4-3 1;ý 7 -10
luing, Q-I IT Triton, 7-1

System Tropospliere. I I- -13
(See Satellite) Isee Atmosphere)
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